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PREFACE. 


In  the  effort  to  attain  the  objects  set  forth  in  the  preface  to 
Vol.  I.,  the  share  of  the  present  volume  is  chiefly  "to  give  a  broad 
description  of  constructive  practice  and  to  explain  fully  the  work- 
ing of  the  machine  in  its  several  departments."  The  steam-turbine 
is  included;  but  with  a  much  less  extensive  treatment  than  is  given 
to  the  pressure-engine.  A  propo^d  chapter  on  accessories  has  been 
replaced  by  one  on  steam-engine  performance,  in  which  the  results 
from  a  large  number  of  the  best  ^d  most  reliable  tests  of  engines 
and  turbines  are  tabulated  and  discussed.  The  aim  is  to  cover 
broadly  and  thoroughly  the  engine  as  a  machine  and  as  a  member 
of  the  power-plant,  but  not  to  take  up  other  phases  of  the  subject 
of  power-plant  engineering. 

The  collection  of  photographic  illustrations  in  the  introductory 
section,  largely  from  builders'  catalogues,  is  intended  to  give  a 
comprehensive  knowledge  of  the  general  form  of  the  engine,  in  a 
shape  always  convenient  for  reference.  But  in  the  description  of 
constructive  detail  line-drawings  are  used  almost  exclusively: 
nearly  all  of  them  have  been  made  expressly  for  this  book,  thus 
affording  great  freedom  in  the  selection  of  examples,  while  facilitat- 
ing adaptation  to  the  space  available,  and  permitting  especial 
emphasis  to  be  laid  upon  the  essential  point  in  the  particular 
connection. 

In  the  illustration  of  each  department — of  main  engine  and  of 
subsidiary  mechanism — ^the  idea  has  been  to  choose  typical  exam- 
ples, which  will  show  various  ways  of  meeting  the  problem  pre- 
sented. Where  there  \b  much  complexity,  the  first  case  is  very 
fully  described;  thereafter  only  the  salient  features  are  touched 
upon.  Most  of  the  detail  sectional  views  are  cross-hatched  for 
material,  according  to  the  conventions  in  Fig.  199. 

iii 


IV 


PREFACE. 


The  chapters  on  valve-gears  and  governors  treat  their  subjects 
from  the  two  view-points  of  description  and  of  mechanical  analysis, 
combining  into  one  discussion  the  two  parts  which  for  the  main 
engine-mechanism  are  separately  set  forth  in  Chapters  VII.  and 
VIII.  The  wide  differentiation  among  designers  causes  a  fairly 
complete  presentation  of  valve-gears  to  cover  a  great  deal  of  space. 
Under  governors,  analysis  of  several  actual  examples  is  used  to 
develop  the  mechanical  principles,  but  no  attempt  is  made  to  reduce 
the  deeper  problems  of  design  to  mathematical  expression. 
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Fig.  199. — Conventional  Cross-hatchings. 


The  discussion  of  steam-action  in  the  compound  engine  at  first 
carries  the  simple  pressure- volume  analysis  to  the  limit  of  utility; 
then  a  quantity  of  practical  information  is  given,  in  the  form  of 
actual  steam-diagrams  and  of  realized  cylinder-proportions.  These 
diagrams  help  to  illustrate,  and  have  an  important  bearing  upon, 
the  question  of  economical  performance,  as  considered  in  the  last 
chapter. 

Under  the  steam-turbine  are  presented,  first,  the  general  form 
and  action  of  the  important  types;  next,  the  simplified  mechanics 
of  the  jet-action;  third,  a  discussion  of  the  secondary  influences 
which  modify  the  simple,  ideal  case;  last,  a  number  of  examples  of 
constructive  detail.  As  regards  the  difference  in  amount  of  space 
occupied,  the  idea  has  been  to  give  in  regard  to  the  engine  all  the 
information  that  the  student  need  seek  from  a  formal  treatise,  thus 
far  exceeding  the  boimds  of  a  text  intended  wholly  for  class-room 
use;  but  to  the  turbine  is  given  merely  a  text-book  treatment  of 
the  fimdamentals.  This  is  a  new  and  rapidly  developing  subject, 
and  the  object  sought  here  is  to  lay  a  foundation  for  the  wider 
knowledge  to  be  got  from  special  works. 

The  last  chapter,  on  thermodynamic  performance,  is  the  fruit 
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of  a  careful  selection  from  the  great  mass  of  information  along  this 
line  contained  in  the  technical  literature  of  the  last  thirty  years. 
More  than  two  hundred  tests  are  gathered  into  the  principal  tables, 
representing  over  half  as  many  individual  engines  and  turbines. 
Comparisons  showing  the  effect  of  changes  in  the  governing  condi- 
tions have  been  warmly  welcomed;  but  series  runs,  with  the  load 
as  chief  variable,  are  left  for  graphical  representation,  by  a  number 
of  sets  of  performance-curves.  Besides  setting  forth  the  essential 
observations  and  results,  the  tables  give  the  thermal  quantities  in- 
volved, so  that  all  the  machines  are  first  brought  to  a  common  basis 
of  actual  or  absolute  thermodynamic  efficiency^  and  are  then  com- 
pared with  the  ideal  case  of  the  Rankine  Cycle.  On  account  of  the 
great  variety  in  character  and  fullness  of  the  data,  engine-eflBciency 
rather  than  plant-efficiency  has  been  given  and  emphasized.  Lack 
of  space  has  excluded  many  secondary  data  which  would  be  of 
considerable  interest,  but  are  not  of  the  first  importance.  The  pur- 
pose has  been  to  concentrate  information  which  is  otherwise  widely 
scattered,  presenting  the  more  important  facts  and  relations,  and 
giving  to  the  student  and  engineer  a  comprehensive  knowledge  of 
what  has  been  done,  upon  which  to  base  judgment  of  present  per- 
formance and  expectation  for  the  future. 

It  has  not  been  thought  desirable  to  burden  the  text  with  refer- 
ences showing  the  source  of  every  illustration.  Many  drawings 
have  been  made  from  makers'  prints  and  advertising  literature;  the 
majority,  perhaps,  have  been  redrawn  from  engineering  periodicals, 
usually  with  the  selection  of  only  the  part  desired;  a  few  have  been 
copied  from  other  books,  notably  Leist's  Steuerungen  fiir  Dampf- 
maschinen  and  Stodola's  Steam  Turbines,  Third  Edition  (Ger- 
man); while  half  a  dozen  line-drawings  from  catalogues  have  been 
transferred  directly.  As  to  periodicals,  Engineering,  Power,  The 
American  Engineer  and  Railroad  Journal,  and  Marine  Engineering 
have  been  freely  drawn  upon  for  material. 

R.  C.  H.  H. 

South  Bethlehem,  Fa.,  March,  1907. 
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CHAPTER  VIII. 
FORM  AND  CONSTRICTION  OF  THE  ENGINE. 

§  41.  Classification  and  General  Form. 

(a)  Primary  Divisions  into  Classes.— Elaborating  somewhat 
the  classification  already  set  forth  in  §  4,  and  still  looking  at  the 
subject  from  the  side  of  adaptation  to  different  conditions  of  ser- 
vice, the  most  obvious  and  useful  division — remembering  that  no 
hard  and  fast  lines  can  be  drawn — seems  to  be  as  follows : 

1.  Stationary  Engines  for  the  Geruration  of  Pouter.  In  every 
case,  the  engine  has  a  rotary  load,  or  the  power  is  delivered  through 
the  shaft.  This  power  may  either  be  transmitted  mechanically  or 
be  first  changed  into  electric  current. 

2.  Directly  Loaded  Stationary  Engines.  The  working  machine, 
other  than  an  electric  generator,  is  closely  and  intimately  con- 
nected with  the  engine.  Power  may  be  delivered  through  the 
shaft,  as  in  a  mine-hoist  or  a  rolling-mill;  or  through  the  piston- 
rod,  as  in  steam-pumps  and  air-compressors.  For  direct  connec- 
tion to  the  electric  generator,  so  little  change  from  the  simple 
belted  arrangement  is  required  that  it  seems  better  to  include 
engines  for  that  service  under  the  first  heading. 

3.  The  Locomotive.  With  many  variations  in  detail,  this  con- 
forms closely  to  one  prevailing  general  type. 

4.  Marine  Engines.  These,  if  limited  to  modem  designs  for 
driving  screw-propellers,  differ  little  in  essential  form.  Going  back 
to  earlier  practice,  and  including  the  less  important  class  of  paddle- 
wheel  steamers,  we  encounter  a  wide  variety  in  type,  and  some  verj" 
peculiar  forms. 

5.  Miscellaneous.  A  class  with  this  title  is  needed  for  the  minor 
special  types,  for  good  designs  that  have  been  superseded  in  the 
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course  of  evolution,  and  for  some  peculiar  designs  which  just  escape 
being  freaks. 

It  will  be  noted  that  only  the  piston-engine  is  covered  by  this 
classification. 

(6)  Stationary  Engines. — ^The  greater  number  of  the  exam- 
ples here  illustrated  by  photographic  views  are  taken  from  this 
widely  extensive  field.     Subclasses  which  suggest  themselves  are : 

1.  The  High-speed  Engine,  characterized  by  high  rotative  s|ieed, 
not  carried  to  very  large  sizes,  and  especially  adapted  to  running 
electric  generators. 

2.  The  Corliss  Type,  developed  as  the  standard  factory  engine, 
and  in  its  smaller  sizes  used  mostly  for  driving  machinery.  Many 
engines  besides  those  following  the  Corliss  design  have  the  same 
fundamental  characteristics. 

3.  The  Power-house  Engine,  for  direct  connection  to  large  gen- 
erators. There  has  been,  along  parallel  lines,  an  enlarging  and 
speeding  up  of  the  Corliss  engine,  and  a  development  of  the  high- 
speed type  to  large  sizes,  with  the  adoption  of  some  ideas  from 
marine  practice. 

(c)  Evolution  of  the  High-speed  Engine. — ^This  is  very  well 
shown  by  the  group  of  engines  in  Fig.  200.  In  I.,  the  form  of  the 
bed-plate  is  the  first  noticeable  feature:  it  is  a  plain  rectangular 
cast-iron  frame,  with  the  cylinder,  the  guide-bars,  and  the  main 
bearing  bolted  to  it.  Evidently  modelled  on  the  wooden  frame- 
work which  preceded  it  in  the  crudest  construction,  it  might,  in 
many  designs  contemporary  with  this,  have  served  almost  equally 
well  for  the  bed-plate  of  a  lathe. 

In  this  engine,  the  cylinder  has  brackets  cast  on  the  sides  of  it, 
which  rest  upon  the  bed-plate:  and  the  steam-forces  are  resisted, 
if  moderate  by  the  friction  due  to  the  grip  of  the  bolts,  if  severe 
by  shearing  stress  in  the  bolts.  Except  in  the  locomotive,  an  end- 
connection  between  cylinder  and  frame  is  now  used;  it  is  more 
directly  in  the  line  of  force  and  is  easier  to  fit  truly;  while  simple 
tension  in  the  bolts  is  decidedly  preferable  to  pin-action. 

At  II.  we  see  a  long  step  forward  in  the  direction  of  adapting 
the  engine-bed  to  the  particular  functions  which  it  has  to  perform — 
namely,  to  carrying  the  cylinder,  the  cross-head  guides,  and  the 
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shaft-bearing,  and  to  resisting  the  working-forces  in  the  machine. 
But  the  engine  still  has  the  plain  slide-valve,  and  is  governed  by 
throttling  the  steam.  Note  that  in  both  II.  and  I.  the  valve  is 
driven  by  a  return-crank,  from  the  main  crank-pin,  instead  of  by 
the  more  usual  eccentric  on  the  shaft,  behind  the  main  bearing. 

The  engines  at  III.  and  IV.  show  fully  developed  types:  III. 
has  what  is  known  as  the  Tangye  bed,  from  the  builders,  an  English 
firm,  who  introduced  it.  Near  to  the  cylinder,  the  bed  is  given  a 
cylindrical  form;  then  it  is  cut  away  by  a  cun-ed  intersecting  sur- 
face, so  as  to  sweep  down  in  graceful  lines  on  each  side  of  the 
guide-bars.  IV.  differs  from  III.  chiefly  in  the  form  of  the  bed 
at  the  guides;  in  effect  this  is  a  part  of  the  Tangye  bed  turned  on 
its  side,  and  a  different  type  of  cross-head  becomes  necessary.  In 
l)oth  cases,  the  main  bearing  is,  of  course,  a  part  of  the  frame- 
casting. 

(d)  Engines  with  the  Tangye  Bed. — One  good  example  of 
this  style  of  design  has  been  fully  illustrated  in  Figs.  2  to  7;  another 
is  given  in  Fig.  201,  and  is  further  shown  in  detail  by  Figs.  237 
and  251.  In  both  engines,  the  sides  of  the  bed  are  kept  well  above 
the  horizontal  plane  through  the  cj'linder-axis,  so  as  to  have  a  good 
part  of  the  metal  in  the  line  of  the  principal  working-forces.  The 
moving  parts  are  covered  in  by  suitable  oil-guards,  to  prevent  the 
throwing  of  oil.  In  the  Ames  engine,  Figs.  2  and  5,  the  method  of 
lubrication  by  separate  oil-cups  is  used.  On  the  engine  in  Fig.  201 
there  is  an  oil-pump,  driven  by  the  rocker-arm  and  partly  appear- 
ing in  the  photograph;  from  this  pump,  pipes  run  to  all  the  bear- 
ings, with  a  sight-feed  drip,  adjustable  as  to  rate  of  flow,  at  each 
one.  On  Fig.  202  is  seen  the  gravity  system,  consisting  of  a  central 
reser\'oir  and  pipes  to  all  the  bearings,  with  the  sight-drips  right 
under  the  oil-tank  where  they  can  be  most  easily  watched. 

In  viewing  this  vertical  compound  engine,  Fig.  202,  we  are  now 
concerned  chiefly  with  the  general,  external  form,  leaving  mechan- 
ical detail  and  steam-action  to  be  taken  up  later.  Beginning  at 
the  bottom  of  the  framework,  the  first  part  is  the  sub-base,  which 
carries  both  engine  and  dynamo:  then,  for  the  engine  proper,  we 
have  the  bed-plate  with  the  bearings,  the  cast-iron  upright  or  hous- 
ing at  the  back,  and  the  steel  braces  or  stanchions  in  front.    The 
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Fig.  202. — The  Reeves  Vertical  Compound  Engine. 
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frame  follows  closely  the  Tangye  outline  near  the  cylmder;  but 
at  the  shaft-bearings  there  must  be  a  radical  difference  in  form 
between  vertical  and  horizontal  engines.  Like  most  stationary  ver- 
tical engines,  this  differs  from  the  marine  type  in  that  the  frame  is 
complete  in  itself,  with  a  full  seating  upon  which  the  cylinder  rests: 
whereas  in  marine  engines  the  cylinder  is  a  part  of  the  frame,  the 


Fio.  205.  -  An  Enclosed  Ccnter-crank  Engine. 

front  and  the  back  housings  or  columns  being  bolted  to  it,  and  not 
usually  otherwise  connected  to  each  other  at  the  top.  This  com- 
pound engine  is  of  the  direct-expansion  type  (see  §  22  (c)),  having 
its  cranks  opposite.  When  ready  for  running,  the  working-parts 
are  fully  enclosed  by  oil-guards  of  sheet-metal. 

(e)  Engines  with  Enclosed  Guides. — Another  typical  form 
of  engine-frame  is  shown  in  Fig.  203.  Here  the  guiding-surfaces 
for  the  cross-head  are  parts  of  a  cylindrical  surface,  so  that  they 
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can  be  bored  out  when  the  cylinder-seating  is  faced,  thus  insuring 
true  alignment.  This  gives  the  frame  a  cylmdrical  form  at  the 
guides,  and  the  latter  are  completely  enclosed,  except  where  open- 
ings are  made  at  the  sides  for  access  to  the  moving  parts.  From 
one  side  of  the  guide-barrel,  the  frame  is  carried  fon^'ard  to  the 
main  bearing;  and  its  outline,  viewed  from  above,  suggests  the 
name  "bayonet-frame"  sometimes  given  to  the  type — more  espe- 
cially when  it  is  used  for  long-stroke  engines,  not  so  compact  as 
this  one.  In  front  of  the  guides  and  around  the  crank-disk  is 
formed  a  casing  of  sheet-metal  to  catch  oil,  this  engine  having  a 
gravity  oil-system,  but  with  the  central  oil-tank  usually  placed  in 
some  less  conspicuous  position  than  just  above  the  engine.  The 
sul>base  is  of  concrete,  rising  from  the  main  foundation:  and  the 
support  under  the  cylinder  is  a  rather  unusual  feature  in  a  simple 
high-speed  engine. 

In  Fig.  205  is  shown  an  engine  in  which  the  idea  of  completely 
enclosing  the  moving  parts  is  very  fully  carried  out.  The  frame  is 
box-shaped  at  the  guides,  then  widens  and  forks  to  the  bearings, 
with  a  separate  crank-case  tightly  covering  the  crank-disks.  The 
builders  of  this  engine  were  the  pioneers  in  the  use  of  splash-lubri- 
cation, illustrated  by  Fig.  204,  and  now  used  in  many  other  designs. 
( )il  from  the  reserv'oir  under  the  crank  is  continually  thrown  about 
the  enclosed  space:  the  guides  are  lubricated  directly  and  very 
copiously;  for  the  shaft-bearings,  oQ  is  caught  in  narrow  troughs 
on  tlie  sides  of  the  crank-case,  from  which  it  flows  in  steady  streams; 
escaping  frqm  the  inner  ends  of  the  bearings,  the  oil  gets  into 
recesses  formed  around  the  shaft  on  the  outer  faces  of  the  disks, 
and  is  carried  by  centrifugal  force  to  the  surface  of  the  crank-pin, 
through  diagonal  holes  drilled  as  shown  by  the  dotted  lines  on 
Fig.  5;  oil  for  the  wrist-pui  is  caught  in  grooves  on  the  top  of  the 
cross-head — though  in  some  recent  designs  a  more  positive  feed  is 
secured  by  putting  the  wrist-pin  on  the  same  system  that  supplies 
the  main  bearings.  By  this  method  a  rapid  circulation  of  oil  is 
secured,  with  full  supply  to  all  the  bearings,  and  with  a  minimum 
amount  of  attention. 

Fig.  206  shows  two  views  of  another  design  where  the  same  lines 
of  construction  and  operation  are  followed,  but  in  a  side-crank 
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arrangement.  For  this  make  of  engine  a  tandem  compound  is 
chosen  as  representative,  differing  from  the  simple  engine  only  at 
the  cylinders.  Under  these,  of  course,  a  support  is  necessary;  and 
it  is  placed  beneath  the  connecting-piece  which  joins  them.  Other 
features  to  be  noted  at  this  point  are,  the  construction  of  the  crank- 
case,  of  sheet-metal,  the  steam-piping  between  the  cylinders,  the 
use  of  piston-valves  (as  also  in  Fig.  205),  and  the  form  of  the  base 
for  the  generator. 

(/)  The  Westinghouse  Single-acting  Enclosed  Engine, 
illustrated  in  Figs.  207  and  208,  and  in  Fig.  255,  has  a  number  of 
features  in  which  it  differs  from  the  conventional  type.  Most  strik- 
ing is  the  trunk  piston,  which  also  serves  as  cross-head,  in  a  manner 
more  clearly  shown  by  Fig.  255.  In  the  simple  engine  of  this  type 
there  are  two  pistons  of  equal  size;  here  the  low-pressure  piston 
is  made  with  two  diameters,  in  order  that  there  shall  not  be  a  vari- 
ation in  the  volume  of  the  enclosed  space  about  the  working  parts. 
The  trunk  piston  can,  of  course,  receive  steam-pressure  at  one  side 
only,  although  engines  have  been  built — in  early  marine  practice — 
with  a  double-acting  piston  like  that  in  the  low-pressure  cylinder 
of  this  engine.  Here  the  annular  space  around  the  low-pressure 
trunk  forms  a  cushion-chamber,  in  ^hich  a  confined  body  of  air 
alternately  expands  and  is  compressed,  with  some  effect  upon  the 
force-action  in  the  machine. 

This  form  of  the  engine-mechanism  has  the  advantage  that  it 
shortens  up  the  machine  considerably:  and  wdth  the  trunk  piston, 
as  with  the  outside-packed  plunger  in  a  pump,  leakage  is  bound  to 
make  itself  immediately  evident.  The  cranks  are  necessarily  op- 
posite, whether  the  engine  is  simple  or  compound;  for  with  any 
other  angle  than  180°,  there  would  be  a  time  in  the  revolution  when 
both  pistons  would  be  rising  or  both  descending;  and  this,  in  a 
single-acting  engine,  would  be  worse  than  a  dead-center.  In  regard 
to  work-performance,  the  two  pistons  of  this  engine  are  equivalent 
to  the  single  piston  of  the  double-acting  engine. 

Referring  to  §  40  (i),  we  see  that  this  machine  is  practically 
self-balanced  against  direct  shaking-force;  and  with  the  cylinders 
so  close  together  there  can  be  only  a  small  twisting  shake,  so  that 
counterweights  on  the  cranks  are  not  needed. 
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The  crank-chamber  is  filled  with  water  to  a  height  such  that  the 
crank-pin  is  about  half  immersed  when  in  its  lowest  position,  and 
on  this  water  floats  a  half-inch  layer  of  thick  black  oil.  When  the 
engine  is  running,  an  emulsion  of  oil  and  water  is  continually 
churned  and  splashed  about,  so  as  to  lubricate  thoroughly  the  pins 
and  the  piston-slide. 

(g)  Characteristics  of  the  High-speed  Type. — ^With  the  pre- 
ceding example  in  view,  the  cogency  of  the  following  statements 
can  be  fully  appreciated : 

The  high-speed  engine  has  a  short  stroke  relative  to  the  diam- 
eter of  its  cylinder,  which  determines  that  the  whole  machine  shall 
be  short  and  compact.  The  framework  is  usually  a  single  casting, 
of  rather  complicated  form;  and  the  machine  in  general  is  very 
much  of  the  "self-contained''  type. 

With  the  short  stroke  goes  a  high  rotative  speed,  or  a  high  fre- 
quency of  stroke,  in  order  that  a  good  mean  speed  of  the  piston  may 
be  maintained.  The  latter,  usually  expressed  in  feet  travelled  per 
minute,  is  a  primary  factor  in  the  piston-displacement,  upon  which 
depends  the  power  developed  by  the  engine.  While  in  no  sense  a 
drawback  when  the  engine  is  to  be  used  for  such  work  as  driving 
shafting,  this  high  speed  of  rotation  adapts  it  especially  to  the 
direct  driving  of  electric  generators  of  moderate  diameter.  A  dis- 
cussion of  engine-speed  will  be  found  in  Art.  (u). 

All  the  engines  thus  far  shown  have  slide-valves,  of  either  the 
flat  or  the  piston  form;  and  these  are  driven  and  controlled  by 
shaft-governors,  which  regulate  the  steam-distribution  so  as  to 
accommodate  the  power  of  the  engine  to  its  load.  In  every  case, 
the  valve  remains  always  under  the  control  of  the  eccentric,  or  the 
valve-gear  is  positive :  except  as  they  act  upon  the  governor  so  as 
to  change  the  position  of  the  center  of  the  eccentric,  the  forces  in 
the  valve-gear  do  not  affect  the  movement  of  the  valve,  unless  they 
be  strong  enough  to  cause  elastic  change  of  shape  or  other  disturb- 
ance in  the  parts  of  the  mechanism. 

To  recapitulate,  the  high-speed  engine  is  characterized  by  a 
short  stroke  and  compact  construction,  by  high  rotative  speed,  and 
by  a  positive  valve-gear,  usually  with  automatic  regulation. 

The  older  and  cruder  type  of  engine  with  fixed  eccentric  and 
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throttling  governor  would  generally  fall  into  the  class  under  dis- 
cussion, from  the  points  of  view  of  form  and  valve-gear,  if  not 
always  of  running  speed. 

To  present  the  exception  which  every  rule  requires,  it  may  be 
remarked  that  one  of  the  pioneer  designs  of  the  fast-running  engine, 
the  Porter-Allen,  has  cylinder  proportions  similar  to  those  found  in 
engines  of  the  Corliss  type;  that  is,  the  stroke  bears  a  high  ratio  to 
the  diameter. 

(h)  Simple  Corliss  Engines. — In  Figs.  209  to  213  is  given  a 
series  of  examples  of  Corliss  engines,  showing  the  important  varia- 
tions in  form.  As  to  the  cylinder,  of  which  sections  will  be  found 
in  Figs.  261,  268,  etc.,  it  has  usually  a  rectangular  external  shape, 
when  the  lagging  or  covering  is  in  place.  It  is  strongly  supported 
by  the  foundation,  resting  upon  two  feet  at  the  ends  as  in  Figs. 
209  and  210,  or  upon  a  spreading  base-plate  as  in  Fig.  213,  or  with 
everything  inside  the  sheathing  as  in  Figs.  211  and  212.  There  are 
separate  valves,  of  the  oscillating  plug  type,  at  the  four  ''comers'' 
of  the  cylinder,  those  at  the  top  for  admission,  the  others  for  ex- 
haust; with  a  rather  complex-looking  valve-gear  at  the  back  to 
operate  them. 

Of  this  valve-gear  the  "releasing''  action  is  an  essential  feature. 
The  steam-valves  are  under  the  control  of  the  eccentric  during  only 
a  small  part  of  the  revolution,  while  they  are  being  opened;  at  a 
point  determined  by  the  governor,  the  valve  is  released  or  un- 
hooked; and  is  then  promptly  closed  by  the  vacuum-cylinder  or 
dash-pot,  remaining  at  rest  until  the  time  for  a  new  admission. 

These  engines  are  run  at  moderate  speeds — in  the  great  majority 
of  cases  from  80  to  100  R.P.M. — and  therefore  have  a  long  stroke, 
which  lengthens  out  the  whole  machine.  The  girder-frame,  shown 
in  Figs.  209  and  210,  has  long  been  the  standard  form  for  Corliss 
engines:  its  general  shape  is  clear  from  the  illustrations,  Fig.  210 
showing  the  flanged  stiffening-rib  formed  on  the  back  of  the  cast- 
ing. In  this  example,  representing  the  older  type  of  design,  girder- 
frame  and  main-bearing  pedestal  are  separate  pieces,  bolted  together; 
in  the  heavier  construction  of  Fig.  209,  they  are  cast  in  one  piece. 

For  heavy  duty — that  Ls,  for  higher  speed  and  higher  steam- 
pressure,  with  heavier  construction — most  builders  change  to  the 
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form  of  frame  shown  in  Figs.  211  and  212.  The  guides  are  cylin- 
drical, the  guide-barrel  forming  a  separate  piece;  this  is  usuaUy 
supported  like  a  bridge,  between  the  cylinder  and  the  main  frame, 
as  in  Fig.  211,  but  sometimes  has  its  own  base  extending  to  the 
foundation,  as  in  Fig.  212.  In  any  case,  the  main  frame  is  of  the 
Tangye  form,  with  broad  base,  surrounding  the  "crank-pit."  It 
will  be  noted  that  the  Cooper  engine  is  provided  with  an  oil-guard 
ver\^  similar  to  that  on  Fig.  203. 

Fig.  213  is  representative  of  the  most  recent  heavy-duty  de- 
signs, the  frame  being  all  in  one  piece,  and  having  a  spreading  base 
to  rest  upon  the  foundation.  With  stiffening  by  judiciously  placed 
internal  ribs,  this  makes  a  very  strong  and  rigid  casting,  and  a 
frame  which  will  not  deflect  under  any  force  that  can  properly 
come  upon  it.  This  self-contained  type  of  construction  facilitates 
the  securing  and  the  maintaining  of  the  perfect  alignment  which 
is  essential  to  smooth  and  easy  running. 

(0  The  Corliss  Type. — ^The  characteristics  of  this  type  of 
engine  are,  a  long  stroke,  low  speed  of  reciprocation,  a  drawn-out 
and  open  form,  separate  valves,  and  a  releasing  valve-gear.  As 
already  stated,  engines  of  other  designs  also  have  these  same  fea- 
tures; but  it  seems  fair  to  take  the  most  prominent  member  of  the 
class,  the  Corliss,  as  the  type  of  all. 

Next  in  importance  is  the  Wheelock  Engine,  of  which  an  exam- 
ple is  given  in  Fig.  214.  There  are  still  four  valves,  but  the  two 
for  each  end  of  the  cylinder  are  grouped  together  and  placed  at 
the  bottom.  This  leads  to  a  cylinder  quite  different  in  external 
appearance  from  that  of  a  Corliss  engine.  The  valve-gear  too  is 
radically  different  in  form  (though  not  in  effect),  consisting  of  a 
side-shaft  along  the  back  of  the  engine,  which  turns  with  the  main 
shaft  and  carries  an  eccentric  for  each  valve.  The  form  and  ar- 
rangement of  the  valves  can  be  seen  in  Fig.  266;  they  are  of 
the  gridiron  type,  with  flat  face  and  a  short  reciprocating  move- 
ment. A  description  of  the  valve-gear  wall  be  found  in  the  next 
chapter. 

Very  common  in  Europe,  though  rare  in  American  practice,  is 
the  engine  with  lift-  or  poppet-valves — or,  as  they  are  called  when 
the  valve-gear  is  of  the  releasing  type,  drop-valves.    The  cylinder 
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of  one  of  these  engines  is  quite  fully  illustrated  in  Fig.  267;  the 
valves  are  located  as  in  a  Corliss  engine,  and  the  primary  part  of  the 
valve-gear  is  like  that  of  the  Wheelock  engine,  in  that  there  is  a 
light  shaft  along  the  back  of  the  engine,  driven  from  the  main 
shaft  by  mitre-gears,  and  carrying  an  eccentric  for  each  valve. 
The  valve-gear  proper,  at  the  cylinder,  is  illustrated  in  §  59. 

(/)  Composite  Types.— This  title  seems  best  to  cover  the  cla*ss 
of  engines  represented  by  Fig.  215.  This  has  CorlLss  valves  and 
the  peculiar  valve-movement  of  the  Corliss  gear,  but  the  releasing 


Fic.  215.— Fleming  Four-valve  Engine.     Harrlsburg  F.  &  M   Co. 

feature  is  omitted:  instead,  the  eccentric-center  is  shifted  by  a 
shaft-governor,  as  in  the  ordinary  high-speed  type — and  these  en- 
gines are  intended  to  run  at  high  speeds.  Distinctions  thus  based 
upon  the  form  and  action  of  the  valve-gear  can  be  much  better 
understood  after  a  perusal  of  the  next  chapter;  but  it  will  not  be 
amiss  to  remark  here  that  an  essential  feature  of  the  Corliss  valve- 
gear  is  a  marked  distortion  of  the  movement  of  the  valve  from  the, 
simple  harmonic  motion  that  is  produced  by  the  eccentric;  and 
this  effect  is  now  introduced  into  a  number  of  positive  valve-gears, 
the  engines  shown  in  Figs.  216  and  218  being  further  examples. 
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Fig.  217. — Vertical  Cross- compound  Buckeye  Engine. 
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(A:)  Large  Stationary  Engines,  especially  for  power-house 
service,  are  well  represented  by  Figs.  216  to  219.  The  first  exam- 
ple shows  the  horizontal,  cross-compound  type,  which  has  its 
cylinders  side  by  side  and  the  cranks  at  right-angles.  Structurally, 
an  engine  of  the  type  here  shown  usually  consists  of  two  self-con- 
tained machines,  resting  on  the  same  foundation,  and  joined  me- 
chanically by  the  shaft.  These  elements  may  form  the  two  parts 
of  a  compound  engine,  as  in  this  case:  or  each  may  be  a  complete 
tandem-compound  engine,  making  four  cylinders  in  all:  or,  with 
more  complex  steam  connections  and  a  proper  gradation  in  diam- 
eter of  cylinders,  the  engine  may  be  triple-  or  quadruple-expansion. 
To  get  four  cylinders  in  a  triple  engine,  two  equal  low-pressure 
cylinders  are  used,  one  on  each  side.  Small  horizontal,  high-speed, 
cross-compound  engines  have  usually  the  compact  construction 
t>T)ified  by  Fig.  202. 

In  Fig.  216,  the  engine  has  an  inside  crank  on  the  high-pressure 
side,  with  a  coupling  on  the  outer  end  of  the  shaft,  for  connection 
to  a  line-shaft  or  a  generator:  but  usually,  in  direct-connected 
units,  the  generator  is  put  on  the  middle  part  of  the  shaft,  beside 
the  fly-wheel,  as  in  the  vertical  engine  shown  at  Fig.  218.  This 
engine  has  a  positive  valve-gear  of  special  form — see  §  58 — with 
the  cut-off  controlled  by  a  shaft-governor.  The  majority  of  large 
power-plant  engines  are,  however,  of  the  Corliss  type. 

High-grade  vertical  engines  are  shown  in  Figs.  217  and  218.  As 
to  the  form  and  arrangement  of  the  cylinders,  nothing  need  be  said, 
except  to  call  attention  to  the  steam-connections:  in  both  cases, 
the  receiver  is  a  long  cylinder  back  of  the  frame,  large  enough  to 
contain  a  re-heating  steam-coil.  The  frames  are  simple  housings  of 
graceful  outline,  made  in  two  or  more  pieces,  and  completely  en- 
closing the  working  parts.  The  bed-plates  are  necessarily  inde- 
pendent of  each  other,  to  leave  room  for  the  wheel,  and  usually  for 
the  generator,  between  them.  The  idea  of  a  combination  of  me- 
chanically complete  elements,  united  into  one  structure  chiefly  by 
the  foimdation,  is  strongly  exemplified  in  the  general  arrangement 
of  both  these  engines — in  which  they  differ  markedly  from  the  com- 
pact and  self-united  marine  engine,  as  illustrated  in  Figs.  232  to 
235,  which  has  not  a  heavy  and  rigid  foundation  whereon  to  rest. 
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Fig.  217  is  shown  as  an  engine  alone,  without  its  load.  It  could 
drive  two  generators,  one  coupled  to  each  end  of  the  shaft;  or,  by 
separating  the  halves,  room  can  be  made  for  a  larger  generator  in 
the  middle.  It  must  be  understood  that  when  engines  get  above 
a  certain  limit  of  size,  say  from  600  to  800  H.P.,  there  is  not  the 
same  standardization  in  designs  that  Is  usual  in  the  smaller  sizes: 


Fig.  219. — Reynolds  Horizontal- Vertical  Duplex  Compound  Engine,  ''Man- 
hattan Type."  Allis-Chalmers  Conipauy.  Cylinders  44"  and  8S'^  by  60"; 
R  P.M.  75;  8000  H.P. 


it  is  necessary  rather  to  modify  and  adapt  general  designs  to  par- 
ticular conditions,  though  with  the  least  possible  variation  in  the 
detail  of  the  parts. 

A  special  design  for  large  generator  units,  which  is  coming  into 
increasing  prominence,  is  shown  in  Fig.  219.  It  is  a  duplex  com- 
pound engine,  each  half  the  combination  of  a  horizontal  high- 
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pressure  engine  with  a  vertical  low-pressure,  with  the  two  connect- 
ing-rods working  on  one  crank:  by  setting  the  two  cranks  at  an 
angle  of  135°,  a  very  uniform  turning-moment  is  secured;  and  the 
rotor  of  the  generator,  here  the  field,  is  the  only  fly-wheel  required. 
The  horizontal  frame  is  like  that  in  Fig.  212;  the  vertical  housing 
is  best  described,  perhaps,  by.  naming  it  the  "tree-trunk"  type. 
Details  of  the  low-pressure  cylinder,  with  the  valves  in  the  heads, 
are  given  in  Fig.  268.  The  re-heating  receiver,  above  the  hori- 
zontal engine,  and  the  large  exhaust-pipe  beyond  the  housing,  fill 
out  the  lines  of  the  vertical  engine. 

(Z)  Hoisting  and  Rolling-mill  Engines. — Coming  now  to  the 
arrangements  in  which  the  engine  is  directly  connected  to  the  work- 
ing machine,  we  have  first  the  two  cases  of  a  rotary  load  exempli- 
fied in  Figs.  220  and  221,  both  engines  being  of  the  duplex-simple, 
reversing  type.  Small  hoisting-engines  are  usually  of  the  semi- 
portable  form,  mounted  on  a  bed-plate  with  a  vertical  boiler.  Fig. 
220  shows  a  very  simple  form  of  the  large  mine-hoist,  the  design- 
ing of  which  is  always  a  special  problem  for  the  engineer;  the  com- 
plete apparatus  for  this  service  showing  a  wide  variety  in  form  and 
arrangement.  In  some  cases,  with  deep  shafts  and  almost  con- 
tinuous operation  of  the  hoist,  and  where  fuel  is  expensive,  com- 
pound engines  are  used:  but  where  there  are  frequent  stops  and 
starts,  with  periods  of  rest,  the  economy  of  the  compound  has  no 
chance  to  develop  itself  and  overbalance  the  mechanical  disadvan- 
tage of  sluggishness  in  responding  to  the  throttle-valve.  The  en- 
gine here  illustrated  is  called  direct-acting  because  the  drum  is 
placed  directly  on  the  engine-shaft,  without  gearing.  The  valves 
are  of  modified  Corliss  form,  positively  driven  by  a  Unk-motion 
valve-gear.  The  engine  is  hand-controlled :  one  of  the  levers  shown 
is  for  reversing,  the  other  for  working  the  brake;  and  the  throttle- 
valve  is  of  the  quick-opening  type,  operated  by  a  lever. 

The  rolling-mill  engine  in  Fig.  221  is  of  the  kind  that  reverses 
for  each  pass  of  the  metal  between  the  rolls,  or  that  drives  a  two- 
high  roll-train — as  distinguished  from  the  continually  running  en- 
gine on  a  three-high  train.  In  either  mode  of  running,  the  engine 
is  subjected  to  exceedingly  severe  force-actions,  and  must  be  made 
very  strong  and  heavy.     The  reversing-engine  has  no  fly-wheel. 


32 


FORM  AND   CONSTKUCTIOX   OF  THE  ENGINE.    [Ch  VIII. 


S 


o 
.2 

"m 

a 
a 


to 

o 


a 
a 

a 

o 


a 


bO 

a 


bo 

a 


o 

£ 


§41(01 


AIR-COMPRESSORS 


33 


J3 


a 

08 


34  FORM  AND  CONSTRUCTION  OF  THE  ENGINE.    [Ch.  Mil 


§  41  (0]  AIRrCJOMPRESSORS.  36 

necessarily,  and  is  always  of  the  duplex,  single-expansion  type.  It 
is  hand-controlled,  with  a  special  apparatus  for  quickly  moving 
the  heavy  reversing-gear,  shown  in  Chapter  X.  It  will  be  noted 
that  the  bed-plate  of  this  engine  has  a  different  shape  at  the  two 
sides,  since  one  element  is  of  the  center-crank,  the  other  of  the  side- 
crank,  form.  The  largest  piece  of  the  frame,  on  the  center-crank 
side,  weighs  about  84  tons,  and  the  whole  engine  about  500  tons. 

(ffi)  Air-compressors  and  Blowing-engines. — The  distinction 
between  these  two  classes  of  machines  is  based  on  service  and  air- 
l)ressure  produced,  with  resulting  great  differences  in  form.  "Com- 
pressed air '^  is  used  chiefly  for  driving  rock-drills  and  the  other 
machines  employed  in  mining  and  quarrying,  and  for  small  tools 
and  portable  machines  in  workshops.  For  all  this  line  of  service, 
the  pressure  is  usually  from  60  to  100  lbs.  per  square  inch;  but 
there  are  other  cases  where  very  high  pressures  are  required,  run- 
ning up  to  several  thousands  of  pounds  per  square  inch.  The 
function  of  the  air-compressor  is,  then,  to  deliver  a  relatively  small 
volume  of  air  at  a  high  discharge-pressure.  The  blowing-engine, 
on  the  other  hand,  must  deliver  very  large  volumes  of  air,  but  with 
a  low  ratio  of  compression;  in  blast-furnace  work  the  pressure  is 
usually  somewhere  between  15  and  30  lbs.  per  square  inch  (above 
atmosphere,  of  course),  and  the  compression-ratio  is  from  2  to  3. 

A  single  air-compressor,  the  simpler  and  more  compact  form  of 
the  machine,  is  shown  in  Fig.  222.  The  steam-cylinder  is  between 
the  cross-head  and  the  shaft,  so  that  the  engine  proper  has  what 
is  called  the  "return  connecting-rod"  arrangement,  which  makes 
it  very  short.  The  valve-chest  is  on  top  of  the  cylinder;  and  the 
running  of  the  machine  is  controlled  by  a  compound  governor, 
which  shuts  off  steam  at  a  certain  speed  and  also  when  a  certain 
air-pressure  is  reached.  The  compressor-cylinder  is  simple  in  ex- 
ternal form.  Air  is  drawn  in  through  the  hollow  extended  piston- 
rod,  and  the  inlet-valves  are  in  the  piston:  the  discharge-valves  are 
under  the  caps  in  the  cylinder-head.  Always,  the  cylinder  of  a 
compressor  Is  surrounded  by  a  water-jacket,  to  prevent  it  from 
becoming  overheated,  and  there  must  be  a  constant  circulation  of 
cooling-water. 

A  duplex  compressor  of  very  simple  outline  is  illustrated  in  Fig. 
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223.  Here  both  steam-cylinders  and  air-cylinders  are  duplex,  as 
well  as  the  general  form  of  the  machine;  but  frequently  the  steam- 
engine  is  compound  and  the  air-compressor  works  with  two  stages, 
just  the  reverse  of  those  of  the  compound  engine.  There  is  then 
a  cooling  receiver,  or  inter-cooler,  between  the  cylinders,  with  a 
coil  or  group  of  pipes  through  which  cold  water  flows. 

For  large  instaUations,  where  economy  becomes  of  greater  ab- 
solute importance,  the  engine  is  given  the  Corliss  valve-gear:  and 
often  the  valves  of  the  compressor  are  moved  mechanically,  instead 
of  by  the  air  itself  as  in  the  examples  shown. 

(n)  Blowing-engines  are  almost  always  vertical.  For  mod- 
erate capacities,  the  same  cylinder-arrangement  as  in  the  air-com- 
pressor at  Fig.  222  is  usual,  wdth  the  shaft  at  the  bottom  and  the 
air-cylinder  at  the  top:  this  is  called  the  long  cross-head  type. 
Another  form,  the  steeple  blowing-engine,  analogous  to  Fig.  223  in 
general  arrangement,  is  shown  in  Fig.  224.  Up  to  the  air-cylinders 
it  is  just  a  big  cross-compound  Corliss  engine.  The  particulars  of 
this  engine  are  as  follows:  steam-cylinders  54"  and  102"  in  diam- 
eter, twin  blowing-cylinders  108"  in  diameter,  stroke  60";  rated 
steam-pressure,  150  lbs.  by  gage;  air-pressure  18  to  30  lbs.;  speed, 
controlled  by  an  adjustable  fly-ball  governor,  25  to  50  R.P.M.  A 
more  recent  construction  of  the  same  design  has  the  engine  cylin- 
ders increased  to  58"  and  110"  in  diameter,  the  other  leading 
dimensions  remaining  unchanged.  The  engine  can  compress  60,000 
cu.  ft.  of  free  air  per  minute  to  25  lbs.  gage-pressure.  Its  weight  is 
about  1,300,000  lbs. 

These  large,  high-pressure  blowing-engines  have  metallic  valves 
on  the  air-cylinders,  mechanically  operated;  but  the  study  of  these 
is  outside  of  the  province  of  this  work.  The  cylinders  are  not 
water-jacketed,  so  that  the  compression  raises  the  air  to  quite  a 
high  temperature — high  enough  to  destroy  leather  valves  such  as 
were  used  with  lower  pressures. 

In  a  third  type,  the  compressor  element  takes  the  form  of  a 
complete  engine,  the  air-piston  being  driven  from  the  crank-shaft 
through  the  usual  mechanism  of  connecting-rod  and  cross-head: 
then  steam-engine  and  air-pump  are  combined  into  a  machine 
which  looks  much  like  any  duplex  vertical  engine.    The  advantage 
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of  this  arrangement  is,  that  by  choosing  the  proper  angle  between 
the  cranks,  the  two  curves  of  turning-force — of  the  steam  and  of 
the  air — can  be  made  to  agree  closely  throughout  the  revolution; 
so  that  the  machine  will  rim  smoothly,  even  at  low  speeds.  Since 
the  maximum  driving-force  on  the  engine-crank  comes  much  earlier 
in  the  half-revolution  than  does  the  maximum  resistance  on  the 
compressor-crank,  the  former  is  placed  somewhere  near  either  45 
degrees  behind  or  135  degrees  ahead  of  the  latter.  Sometimes  the 
steam-engine  is  horizontal,  the  blower  vertical:  and  this  arrange- 
ment is  usual  in  machines  for  compressing  ammonia  or  some  other 
refrigerating  medium. 

(o)  Steam-pumps. — ^To  the  type  of  machine  represented  by  Figs. 
225  and  226,  with  only  the  one  main  moving  piece  consisting  of  the 
pistons  and  their  rod,  the  name  steam-pump  is  given.  There  is  no 
mechanism  to  define  the  stroke  of  the  piston,  determining  both  its 
length  and  the  manner  of  movement:  so  that  we  have  here  a  case 
of  free  or  purely  force-controlled  motion,  as  distinguished  from  the 
mechanically  constrained  motion  of  the  engine  with  shaft  and  fly- 
wheel. The  most  interesting  feature  of  these  direct-acting  steam- 
pumps  is  their  valve-action.  The  main  mechanism  is  elementary 
in  both  form  and  working;  but  the  valve-gear,  with  its  duty  of 
so  controlling  the  steam-distribution  that  the  stroke  shall  be  of  a 
certain  length,  is  worthy  of  study :  if  the  stroke  is  too  short,  there 
will  be  a  waste  of  steam  through  excessive  clearance-volume, 
together  with  loss  of  pumping  capacity;  if  it  is  too  long,  the 
piston  will  strike  the  cylinder-heads.  A  description  of  the  form 
and  working  of  several  typical  valve-arrangements  will  be  found 
in  §  60. 

There  are  two  typical  forms  of  the  steam-pump,  the  single 
and  the  duplex.  Fig.  225  shows  a  small  single  pump,  of  the  style 
frequently  used  for  boiler-feeding.  It  would  be  possible  to  devise 
a  rigging  through  which  the  piston,  when  near  the  end  of  its 
stroke,  would  move  the  valve  into  the  position  proper  for  the  next 
stroke:  but  any  such  direct-driving  valve-gear  is  likely  to  fail  to 
act  at  low  speed.  Instead,  the  idea  is  universally  applied  of  hav- 
ing the  main  piston  move  a  small  secondary  valve,  which  controls 
the  supply  of  steam  to  a  secondary  piston  that  moves  the  main 
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valve.     In  the  form  of  this  device  there  is  a  very  considerable 
variety,  but  the  principle  is  the  same  all  through. 

In  Fig.  226  is  illustrated  an  example  of  the  duplex  pump,  more 
complicated  in  that  each  steam  element  is  a  tandem-compound 
engine.  The  valve-gear  as  here  shown  is  universally  in  use  on 
pumps  of  moderate  size,  each  piston  moving  the  valve  for  the  other 
side. 


Fig.  225. — Single  Boiler-feed  Steam-pump. 

The  steam-driven  water-pump  works  against  a  practically  con- 
stant resistance  in  the  water-cylinder,  and  secures  an  appropri- 
ately constant  driving  force  by  taking  steam  for  its  whole  stroke. 
This  makes  it,  necessarily,  a  very  inefficient  steam-engine.  But 
when  air  is  pumped,  whether  in  the  air-pump  for  a  condenser  or 
in  the  small  air-compressor  used  to  supply  the  air-brake  system  on 
a  railroad  train,  there  must  be  a  still  greater  departure  from  the 
normal  steam-cycle:  because  it  is  now  necessary  to  have  an  effec- 
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tive  driving-force  which  will  increase  toward  the  end  of  the  stroke, 
and  be  greatest  during  the  short  period  when  the  compressed  air  is 
being  forced  out  against  the  discharge-pressure.  Both  single  and 
duplex  pumps  are  used  for  condenser  air-pumps,  but  the  standard 
air-brake  pump  is  of  the  single  type. 

(p)  PuMPiNG-ENGiNES. — Different  forms  of  the  large  water- 
works pumping-engine  are  shown  in  Figs.  227  to  230.  The  Holly 
engine  is  of  the  duplex  quarter-crank  form,  the  steam  end  on  each 
side  being  a  complete  direct-expansion  compound  engine.  The  low- 
pressure  piston-rod  extends  to  the  piunp-cylinder,  and  the  high- 
pressure  cross-head  is  coupled  in  through  a  heavy  vertical  rocking- 
lever,  as  is  further  shown  in  skeleton  outline  on  Fig.  236.  The 
valve-gear  is  of  the  Corliss  type,  with  some  special  features;  and 
the  cut-off,  variable  on  the  high-pressure  cylinder,  can  be  adjusted 
by  hand,  or  placed  under  automatic  control. 

Fig.  228  shows  a  large  pumping-engine  of  the  indeterminate- 
stroke  type,  developed  from  the  steam-pump.  The  three  cylinders 
are  in  line,  but  while  the  high  and  intermediate  pistons  are  on  one 
rod,  the  largest  piston  has  two  rods,  which  extend  forward  on  both 
sides  of  the  smaller  cylinders,  and  engage  the  -projecting  ends  of 
the  cross-head.  The  valves  and  gear  are  of  the  general  Corliss 
form,  but  the  releasing  feature  is  omitted:  the  main  wrist-plates 
(the  circular  disks  at  the  middle  of  each  cylinder)  are  oscillated  by 
the  cross-head  on  the  other  side;  but  the  small  auxiHary  plates 
which  control  the  steam-valves  receive  an  additional  movement 
from  the  cross-head  on  their  own  side.  This  combination  gives 
the  valve  a  complicated  motion;  the  difficulties  in  the  way  of  an 
exact  determination  of  this  motion  being  increased  by  the  fact 
that  there  is  no  closely  definite  time-relation  between  the  strokes 
of  the  two  cross-heads. 

The  function  of  the  fly-wheel  in  a  pump  or  air-compressor  is 
to  equalize  or  average  up  the  driving-forces  and  the  resistance, 
throughout  the  revolution.  If  the  steam  is  cut  off  rather  early, 
the  effective  steam-pressure  will  be  high  at  the  beginning  of  each 
stroke,  and  will  diminish  as  the  piston  advances.  To  store  up  the 
excess  steam-work  in  the  first  part  of  each  stroke,  and  give  it  back 
to  make  up  the  deficiency  toward  the  end,  a  special  equalizing  de- 
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vice  is  used  instead  of  a  fly-wheel  on  the  machine  shown  in 
Fig.  228;  this  is  drawn  in  outline  on  Fig.  236,  where  the  working 
is  explained. 

Fig.  229  shows  a  fine  horizontal  triple-expansion  pumping-en- 
gine.  It  has  three  cranks  at  angles  of  120  degrees,  which  arrange- 
ment not  only  produces  a  smooth-running  engine,  but  also  causes 
the  water  to  be  delivered  with  ver}^  little  pulsation,  or  variation 
in  pressure.  The  manner  in  which  the  driving-force  is  transmitted 
from  engine  to  pump,  by  parallel  rods  displaced  diagonally  from 
the  axis,  so  as  to  clear  the  connecting-rod  and  crank,  is  clear  from 
the  photograph.  This  engine  has  the  regular  Corliss  valve-gear, 
with  a  fly-ball  governor  controlling  the  cut-off  in  all  three  cylinders: 
the  special  wide-range  cut-off  gear,  often  used,  will  be  described 
in  the  next  chapter.  Above  the  cylinders  are  placed  the  two 
re-heating  receivers. 

The  final  example,  Fig.  230,  shows  a  type  of  machine  very  fre- 
quently used  in  plants  of  large  capacity.  One  advantage  of  the 
vertical  arrangement  is,  that  if  the  pumping-station  is  located  on 
a  river  liable  to  great  changes  in  height,  the  pump-cylinders  can 
be  placed  low  enough  for  effective  suction  without  danger  of  the 
engine  being  drowned  by  every  flood.  There  is,  of  course,  always 
the  i)oint  in  favor  of  a  vertical  engine  that  the  weights  of  the  mov- 
ing ])arts  are  less  likely  to  cause  uneven  wear  of  the  sliding  sur- 
faces: and  this  matter  is  of  more  importance  in  a  pumping-engine 
than  in  lighter  and  quicker-running  machines. 

In  this  pump,  the  water-cylinders — almost  concealed  behind  the 
large  air-  and  valve-chambers — are  of  the  single-acting  type;  water 
is  drawn  in  beneath  the  plungers  as  they  rise  and  expelled  as  they 
descend.  Besides  the  general  arrangement  here  shown,  another 
plan  is  to  bring  the  main  foundations  up  to  the  base  of  the  engine 
proper,  and  then  suspend  the  pumps.  In  this  figure,  the  first 
galler}'-,  at  the  engine-shaft,  marks  the  level  of  the  main  floor 
of  the  pump-house.  The  valve-gear  is  of  a  modified  Corliss 
form,  and  is  driven,  not  by  the  main  shaft,  but  by  an  auxiliary' 
shaft  on  the  front  of  the  engine;  and  this  is  driven  by  two  paral- 
lel connecting-rods,  at  the  two  ends,  with  the  cranks  at  right- 
angles. 
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Fio.  280. — Reynolds  Vertical  Triple-expansion  Puinpiiig-ennino. 
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(q)  The  Locomotive. — This  type  of  engine  (or  rather,  of  com- 
plete steam-plant)  keeps  itself  so  continually  in  public  view  that  a 
description  of  its  general  form  would  be  superfluous.  The  chief 
variations  in  the  major  details  are  found  in  the  wheel-arrangement , 
the  shape  of  the  boiler-furnace,  and  the  cylinders — the  last  bcir.g 
simple  or  compound.  The  locomotive  illustrated  in  Fig.  231  is 
of  the  "Atlantic"  type  as  to  the  wheels,  has  the  wide  fire-box 
or  furnace,  and  is  a  simple  engine.  The  picture  is  given  especially 
to  show  the  form  of  the  engine  proper,  and  will  be  convenient 
for  reference  when  some  of  the  less  evident  details  are  taken  up. 

(r)  Marine  Engines. — ^The  examples  given  in  Figs.  232  to 
235  are  all  of  the  usual  type  for  driving  screw-propellers — what 
is  called  the  vertical,  inverted,  direct-acting  engine.  In  this 
descriptive  title  a  good  deal  of  history  is  involved:  the  engine  is 
''direct-acting"  when  it  turns  the  propeller-shaft  directly,  instead 
of  acting  through  a,  walking-beam  or  other  intermediate  gearing; 
and  when  an  engine  \\'as  directly  applied  to  turning  paddle-wheels, 
the  cylinder  was  below,  and  the  shaft, above,  hence  the  adjective 
''inverted."  From  any  other  point  of  view,  the  arrangement 
with  the  shaft-bearings  down  on  the  foundations  and  the  cylinders 
up  in  the  air  seems  natural  and  normal. 

The  general  form  of  all  modem  screw-propeller  engines  is  prac- 
tically the  same.  The  variations  come,  first,  in  the  number  and 
arrangement  of  cylinders  and  cranks;  next,  in  the  form  of  the 
framework;  last,  in  the  disposal  of  the  accessories,  the  condenser 
and  its  pumps,  which  are  quite  often  incorj:)6rated  with  the  main 
engine,  but  are  more  frequently  independent,  at  least  in  the  higher 
class  of  engines. 

As  to  the  cylinder-arrangement,  a  general  idea  can  be  got  from 
these  photographs,  and  one  sectional  drawing  will  be  found  in 
Fig.  259.  This  side  of  the  subject  is  to-be  more  fully  taken 
up  later,  but  a  brief  outline  properly  finds  place  at  this  point. 
There  are  some  single-expansion  engines  yet  running  in  ferr\^- 
boats  and  river-steamers,  and  a  good  many  compounds  in  the 
older  ships;  but  the  engines  now  built  are  either  triple-  or  quad- 
ruple-expansion, with  from  three  to  six  cylinders  and  usually 
three  or  four  cranks.    The  three-cylinder  triple  with  three  cranks 
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Fig.  283— Engine  of  Twin-screw  Pacific  Mail  Steamship  "Siberia":  four- 
crank  quadruple-expansion:  cvlindcrs  35".  50",  70".  100"  X  66";  each 
engine  rated  9000  H.P.     Built  at  Newport  News  in  1901. 

(Figs.  234  and  259).  the  four-cylinder  triple  (two  equal  low-pressure 
cylinders — Figs.  232  and  235),  and  the  four-crank  quadruple 
(Fig.  233)  are  the  typical  arrangements.  Five-crank  engines 
have  been  built;   but  if  the  quadruple  has  to  be  carried  to  more 
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Fig.  284.— Engine  of  Twin-screw  U.  8.  Battleship  ** Indiana";  built  at 
Cramp's  in  1895;  lliree-crank  triple-expansion.  34^",  48",  75"  x  42"; 
mean  speed  of  engines  on  official  trial,  131  R.P.M.;  I.H.P.  of  two 
engines,  9500. 


than  four  cylinders  (to  keep  the  L.P.  cylinder  from  ])ecoming 
unwieldy),  a  tandem  arrangement  is  usually  adopted.  The  most 
prominent  example  of  this,  used  on  several  large  steamers,  has 
two  H.P.  and  two  L.P.  cylinders,  an  H.P.  on  top  of  each  L.P., 
with  the  first  and  second  intermediates  each  driving  a  crank. 

In  the  matter  of  framework,  the  four  common  types  of  con 
struetion  are  illustrated  in  the  examples  given.  Fig.  232  has 
double  Y  frames,  front  and  back  under  each  cylinder;  in  Fig.  233 
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Fig.  285.— Engine  of  Twin-screw  U.  8.  Battleship  •'Missouri ";  built  at  New- 
port News  in  1902;  four-crank  triple-expansion,  34j",  53",  63"-63"  X  48"; 
each  engine  7800  I.H.P. 

there  are  four  cast-steel  columns  in  each  section  of  the  frame;  in 
Fig.  234  the  section  contains  a  cast-iron  Y  housing  at  the  back  and 
two  forged-steel  columns  in  front;  while  Fig.  235  shows  the  all- 
forged  frame,  the  war-ship  type.  The  last  has  long  been  the 
standard  torpedo-boat  type;  but  is  now  used,  in  the  I'nited  States 
Navy,  for  the  largest  engines  built.  The  structural  features  of 
these  various  frames  will  be  further  discussed  in  the  next  section. 
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These  photographs  were  all  taken,  of  course,  when  the  engine 
was  in  the  erecting-shop,  as  neither  the  distance  nor  the  illumi- 
nation for  a  general  view  is  possible  on  board  ship:  and  thus  to  get 
the  cylinders  without  their  non-conducting  covering  is  a  decided 
advantage.  In  all  four  cases,  the  after  end  of  the  engine  is  in 
the  foreground,  showing  the  connection  for  the  propeller-shaft: 
and  in  Fig.  232  the  first  section  of  this  shaft,  which  carries  the 
thrust- journal,  is  shown:  this  may  be  considered,  and  in  Fig.  232 
actually  is,  a  part  of  the  engine.  A  secondary  apparatus,  best 
shown  in  Figs.  232  and  235,  is  the  little  turning-engine,  which 
acts  upon  the  main  shaft  through  two  worm-gears.  This  is  used 
for  turning  over  the  engine  when  making  repairs  and  when  warm- 
ing it  up  before  starting:  the  intermediate  gear-shaft  is  always 
so  supported  that  it  caH  be  swung  out  of  "mesh"  when  the  engine 
is  running. 

The  valve-gears  of  these  engines,  all  of  the  same  type,  will 
be  referred  to  later:  a  notable  feature — in  which  they  do  not 
fairly  represent  general  practice — is  the  use  of  piston-valves  on 
all  the  cylinders;  and  in  Figs.  233  and  234  we  have  examples 
of  four  valves  to  one  large  cylinder,  each  taking  its  share  in  con- 
trolling the  whole  steam-distribution. 

Besides  the  main  steam-piping,  most  fully  shown  in  Figs.  233 
and  235,  and  which  includes  a  number  of  by-pass  connections 
from  the  steam  inlet  to  the  different  cylinders,  there  are  several 
elaborate  systems  of  small  pipes  about  a  marine  engine.  First 
comes  the  drain-piping,  to  carry  off  water  from  all  the  cylinders 
and  valve-chests,  especially  when  the  engine  is  standing  idle; 
this  is  not  visible  in  any  of  the  engines  illustrated;  but  the  hand- 
levers  for  controlling  the  drain-cocks  are  shown,  all  grouped 
together  near  the  throttle-valve  wheel  in  Fig.  235,  distributed 
along  the  front  of  the  engine  in  Fig.  233.  Next  comes  the  oil- 
piping,  simple  as  to  its  units,  but  with  a  great  many  of  them, 
as  best  appears  on  Fig.  235.  Finally,  there  is  an  extensive  system 
of  water-piping,  whereby  cooling-water  can  be  supplied  to  all 
the  bearings  and  to  the  cross-head  guides. 

(s)  Various  Modifications  of  the  Engine-mechanism. — ^In 
Fig.  236  are  given  skeleton-outlines  of  various  engine-mechanisms, 
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Fig.  236.— Various  Forms  of  the  Engine  Mechanism. 
T  tp  III.  Engines  with    walking-beam;   IV,  V.  The  return  connecting-rod; 
VI.  The  triansrular  connecting-rod  ;    VII.  The  trunk  engine,  double-acting; 
VIII.  The  oscillating  engine;   IX.  The  Worthington  high-duty  attachment 
for  steam-pumps. 
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some  of  them  now  in  use,  others  chiefly  or  wholly  of  historic  in- 
terest. 

The  earliest  engines  built,  for  mine-pumps  with  a  heavy  pump- 
rod  running  down  the  shaft,  were  of  the  walking-beam  type;  and 
in  the  application  to  driving  machinery,  to  common  pumps,  to 
blast-furnace  service,  and  to  the  turning  of  paddle-wheels  on 
steamers,  this  type,  as  outlined  at  I.,  was  very  largely  used.  A 
modified  form  for  marine  service  is  the  side-lever  engine  at  11. 
In  I.  the  upper  end  of  the  piston-rod  is  guided  by  a  cross-head, 
as  is  now  universal  practice;  in  II.  a  "parallel-motion"  of  jointed 
links  is  used:  this,  in  various  forms,  was  standard  practice  in 
the  early  days  of  steam-engineering. 

In  connection  with  this  matter  of  the  walking-beam,  the  mech- 
anism of  the  Holly  ptunping-engine.  Fig.  227,  is  outlined  at 
III.;  the  plan  view  shows  how  double  connecting-rods  are  used 
from  the  cross-head  to  the  beam,  and  how  the  latter  is  made 
double,  so  as  to  give  room  for  the  main  connecting-rod  at  the 
top  and  to  clear  the  pump-rod  at  the  bottom:  incidentally,  the 
cylinder  arrangement  in  a  triple-expansion  engine  of  this  type 
is  shown.  Some  designers  of  pumping-engines  have  made  a  very 
free  use  of  the  oscillating  lever  in  the  main  mechanism,  frequently 
giving  it  a  triangular  or  "bell-crank"  form,  and  securing  the 
advantage  of  a  longer  stroke  and  higher  piston-speed  for  the 
engine  than  is  allowable  for  the  pump. 

The  return  connecting-rod  arrangement,  in  two  forms,  is 
sketched  at  IV.  and  V.  The  "steeple"  engine,  IV.,  belongs  to 
early  marine  practice;  it  is  intended  rather  to  get  a  large  cylinder 
into  a  comparatively  low  space  beneath  the  paddle-shaft  than 
to  shorten  up  the  machine  as  a  whole;  and  the  heavy  triangular 
frame  which  carries  the  piston-rod  around  and  past  the  connecting- 
rod  is  a  bad  feature.  The  simple  return-rod  engine,  used  for  the 
steam  end  of  air-compressors,  and  also  in  marine  practice  when 
space  is  crowded,  is  skeletonized  at  V. 

The  triangular  connecting-rod,  VI.,  has  been  used  by  several 
designers  (or  inventors):  for  the  description  of  an  unusually 
complex  engine  of  this  type,  see  Engineering,  1899,  II.,  page  580. 

Two  arrangements  by  which  the  engine  is  greatly  shortened 
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are  next  shown;  the  trunk-engine,  VII.,  combines  piston  and 
cross-head  in  one,  as  already  explained  in  connection  with  Fig. 
207.  The  oscillating  engine,  shown  at  VIII.,  is  a  kinematic 
variation  from  the  common  type,  its  frame  corresponding  with 
the  connecting-rod  in  the  usual  mechanism.  Steam  is  conducted 
to  and  from  the  cylinder  through  the  trunnions  upon  which  it 
turns,  so  that  the  engine  properly  belongs  to  the  era  of  low-pressure 
and  moderate  speed.  To  transmit  the  valve-movement  from  the 
shaft  to  the  valves  (on  the  oscillating  cylinder)  is  an  interesting 
problem. 

Sketch  IX.  shows  a  special  mechanism  used  on  the  pumping- 
engine  in  Fig.  228 — the  Worthington  high-duty  attachment. 
Hydraulic  plungers  from  two  oscillating  cylinders  bear  upon  the 
cross-head;  in  the  first  part  of  each  stroke  these  plungers  are 
forced  into  their  cylinders,  resisting  the  movement  of  the  piston- 
rod;  in  the  latter  half,  they  assist  the  driving-force.  The  cylin- 
ders are  in  constant  communication  either  with  the  discharge- 
pipe  from  the  pump,  or  with  a  special  small  accumulator,  indirectly 
connected  to  the  force-pipe.  These  compensating  cylinders  intro- 
duce a  force-action  very  similar  to  that  of  the  inertia  of  the  recip- 
rocating parts  in  a  crank-controlled  engine,  and  perform  the  func- 
tion of  a  fly-wheel,  by  storing  up  the  excess-work  of  the  steam- 
pressure  at  the  start  and  returning  it  later,  thus  making  it  possible 
to  use  quite  a  fair  ratio  of  expansion  in  each  cylinder. 

(0  The  ''  Layout"  op  an  Engine. — ^The  general  description  of 
an  engine,  besides  covering  matters  of  service,  position,  arrange- 
ment of  cylinders  and  cranks,  type  of  valve-gear,  etc.,  should 
set  forth  also  certain  particulars  as  to  the  arrangement  of  the 
mechanism  and  the  direction  of  running,  according  to  the  follow- 
ing terms: 

Right  and  Left, — It  has  been  the  custom  to  call  a  horizontal 
engine  ''right-hand"  if,  when  we  stand  back  of  the  cylinder  and 
face  toward  the  shaft,  the  wheel  is  at  the  right.  A  decidedly  more 
logical  scheme  is  got  by  reversing  this  practice,  calling  the  side 
opposite  the  wheel  and  valve-gear  the  front  of  the  engine,  and 
going  by  the  right  or  left  position  of  this  front.  Then  the  engines 
in  Figs.  209,  210,  212,  213  are  right-hand,  and  those  in  Figs.  203. 
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206,  211,  left-hand;  and  in  a  cross-compound  engine,  as  Fig.  216, 
this  makes  the  right-side  element  right-hand,  the  left-side,  left- 
hand.  In  a  center-crank  engine  the  distinction  is  less  marked 
and  of  less  importance;  it  is  best  simply  to  specify  on  which  side 
the  governor  is  placed,  and  on  which  side  the  generator,  in  a  direct- 
connected  unit. 

Over  and  Under. — A  horizontal  engine  runs  over  if  it  makes  its 
fonv-ard  stroke — the  piston  moving  toward  the  shaft — while  the 
crank  traverses  the  upper  part  of  its  circle:  in  which  direction  of 
running  the  pressure  of  the  cross-head  upon  the  guides  is  normally 
downward.  The  characteristic  position  of  the  engine  mechanism, 
in  Fig.  110,  belongs  then  to  a  right-hand  engine,  running  over, 
and  with  right-hand  or  clockwise  rotation  when  viewed  from  the 
front. 

In  a  vertical  engine,  the  front  side  is  properly  that  toward 
which  the  crank-pin  travels  when  traversing  the  upper  part  of  its 
path.  With  a  symmetrical  frame,  as  in  Figs.  217,  218,  232,  and  233, 
there  is  little  in  the  structure  to  mark'* front"  and  '*back";  but 
with  the  type  of  framework  in  Figs.  202  and  234,  and  with  the 
one-sided  slipper  type  of  cross-head,  the  open  side  is  naturally 
the  front,  and  is  the  one  toward  which  the  crank  turns  over  when 
the  bottom  of  the  cross-head  is  pressing  upon  the  guide. 

If  a  vertical  engine  is  symmetrically  loaded,  as  with  a  generator 
at  each  end  of  the  shaft  or  with  one  in  the  middle,  no  clear  dis- 
tinction as  to  right  and  left  rotation  can  be  drawTi.  With  the 
marine  engine,  if  we  stand  back  of  the  engine  and  face  forward, 
right-hand  rotation  corresponds  to  forw^ard  running  wuth  a  right- 
hand  screw;  and  another  reason  for  calling  this  a  right-hand  engine 
is  that  its  front  will  be  at  the  right,  from  the  view-point  specified. 
Then  with  twin-screws  turning  outboard  (outward  at  the  top), 
the  starboard  (right-side)  engine  will  be  right-hand,  the  port 
engine  left-hand.  Whether  it  is  better  to  have  the  screws  turn 
outboard  or  inboard  is  a  point  upon  which  marine  engineers  differ, 
with  no  overwhelmmg  arguments  for  either  arrangement. 

(u)  Speed  of  Engines. — This  is  measured  in  two  ways,  by 
the  rotative  speed  or  the  revolution  per  minute,  and  by  the  piston- 
speed  or  the  distance  in  feet  travelled  by  the  piston  in  one  minute. 
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The  data  in  Tables  41 A  and  41 B  will  give  a  good  idea  of  the  usual 
range  in  stationary  practice. 

Table  41  A.      Data  for  High-speed  Engines. 

Stroke.  R.P.M.  F.P.M. 

12" 260-300 520  -  600 

16" 210-250 560-667 

20" 180-210 600,-  680 

24" 150-180 600-720 

Table  41  B.    Data  for  Engines  of  the  Corliss  Type. 

Stroke.  R.P.M.  F.P.M. 

24" 85-125 340-500 

30" 80  -  115 400-575 

36" 80  -  110 480-660 

42" 75-100 490-700 

48" 70-90  560-720 

60" 60-75 600-750 

It  is  at  once  apparent  that  the  distinction  between  the  two 
classes  of  engines  is  found  chiefly  in  the  R.P.M.  •  It  will  be  noted 
further  that  the  range  in  piston-speed  with  any  particular  stroke 
is  greater  in  the  second  table  than  in  the  first;  and  for  the  Corliss 
engine,  much  more  than  for  the  smaller  type,  the  lower  set  of  limits 
represents  what  has  long  been  usual  practice,  the  upper  set  stands 
for  more  recent  installations. 

Accepting  for  a  convenient  basis  of  comparison  this  usual  range 
from  500  to  750  ft.  per  min.,  as  set  forth  in  the  tables,  a  wider 
view  of  practice  in  this  matter  will  yield  the  following  results : 

The  lowest  speeds  are  found  in  steam-pumps  like  Figs.  225 
and  226,  which  are  built  with  the  stroke-length  varymg  from  4" 
to  24":  for  6"  and  less,  the  proper  number  of  ''revolutions''  is 
usually  set  at  75,  or  of  single  strokes  at  150,  giving  75  F.P.M.  or 
less;  for  8"  and  more,  the  limit  of  piston-speed  is  fixed  at  100 
F.P.M.  Ijarge,  long-stroke  pumps  without  fly-wheel  control,  like 
Fig.  228,  have  higher  piston-speeds,  rising  to  160  F.P.M.     Pumping- 
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engines  with  fly-wneels  come  next,  the  piston  speed  usually  1}  ing 
between  120  and  250,  sometimes  rising  to  350,  and  in  extreme 
cases,  with  a  very  long  stroke,  exceeding  400  F.P.M.  The  smooth 
running  of  any  pump  is  very  much  a  question  of  the  uniform  flow 
of  the  current  of  water:  it  is  possible  to  have  pulsations  set  up 
which  will  bring  very  severe  strains  upon  the  body  of  the  pump 
and  all  its  working  parts.  Other  things  being  equal,  it  would 
appear  that  three  pump-cylinders  connected  by  cranks  at  120®,  as 
in  Figs.  229  and  230,  ought  to  give  the  most  uniform  discharge 
possible  in  any  arrangement  of  the  sort,  having  a  slight  advantage 
over  the  quarter-crank  duplex  pump. 

As  to  blowing-engines,  we  will  take  the  example  in  Fig.  224, 
where  the  range  of  control  is  from  250  to  500  F.P.M.,  to  be  typical. 
For  air-compressors  with  self-closing  valves,  as  in  Figs.  222  and 
223,  having  a  stroke  from  12"  to  30",  the  piston-speed  ranges 
from  320  to  400  or  450.  In  larger  machines  with  mechanically- 
moved  valves,  the  speeds  can  be  much  greater,  running  up  to 
600  or  700  F.P.M. 

In  large  power-house  engines  with  positive  valve-gear,  as 
typified  by  Fig.  218,  the  piston-speed  rises  to  900  F.P.M.:  and 
this  is  about  the  Hmit  for  stationary  engines.  Where  space  and 
weight  are  not  the  most  exacting  conditions,  it  will  generally  pay 
better  to  get  a  machine  which  will  not  have  to  be  worked  quite 
up  to  the  limit. 

In  transportation  service,  both  marine  and  locomotive,  the 
conditions  just  named  are,  however,  of  primary  importance. 
Slow  freight  steamers  with  low  power  have  piston-speeds  from 
500  to  700:  but  in  large  passenger  steamers  and  in  warships  at 
full  speed  the  pistons  travel  900  to  1000  F.P.M:  typical  cases  being, 
60"  stroke  by  90  to  100  R.P.M.,  72"  by  80  R.P.M.,  for  large  liners; 
and  39"  X 160,  42"  X 145,  48"  X 120,  for  cruisera  and  battleships. 
In  torpedo-boat  destroyers  the  piston-speed  runs  up  to  1200  F.P.M., 
18"  stroke  by  400  R.P.M.  being  a  very  common  size.  The  greatest 
speeds  are  formed  in  the  locomotive:  in  usual  working  the  piston 
travels  from  500  to  1200  F.P.M.,  according  to  the  class  of  ser\dce; 
but  in  the  very  fastest  nmning,  with  high-speed  locomotives  of 
usual  proportions  at  from  70  to  75  miles  per  hour,  the  piston-speed 
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rises  above  1400  F.P.M.  Thus  the  locomotive  in  Fig.  231  has 
made  45  miles  in  37  minutes,  or  73  miles  per  hour,  hauling  its 
usual  train;  with  76"  drivers,  this  gives  323  R.P.M;  and  with 
26"  stroke,  the  piston-speed  is  just  1400  ft. 

§  42.  The  Framework  of  the  Engine. 

(a)  The  Compact,  High-speed  Type. — ^The  bed  of  one  center- 
crank  engine  is  quite  fully  shown  in  Figs.  2  to  5;  another  is  given 
in  Fig.  237;  and  a  third,  of  the  side-crank  type,  in  Fig.  238,  which 
is  supplemented  by  Fig.  263:  with  these  three  examples,  the 
class  is  very  sufficiently  represented.  To  a  large  degree,  the 
drawings  are  expected  to  speak  for  themselves;  but  it  may  be  well 
to  call  attention  to  some  points  of  resemblance  and  of  difference 
in  the  designs,  so  as  to  suggest  the  requirements  that  must  be  met, 
and  illustrate  the  manner  in  which  they  are  satisfied. 

In  each  case,  the  engine-bed  is  to  rest  upon  a  cast-iron  sub- 
base;  its  bottom  outline  is  therefore  given  a  simple  rectangular 
shape,  except  where  it  swells  out  under  the  bearings;  this  latter 
effect  being  relatively  greater  in  the  side-crank  design,  where  the 
main  base  is  narrow. 

As  to  the  manner  of  fastening  the  cylinder,  we  have  two  causes 
of  inside  bolts,  one  of  outside  bolts.  In  these  engines,  as  always, 
the  a^eement  of  the  axis  of  the  cylinder  with  that  of  the  bed 
is  determined,  not  by  the  bolts,  but  by  a  projection  on  one  piece 
which  fits  neatly  into  a  recess  in  the  other — whether  the  projection 
be  a  shoulder  on  the  cylinder-head  as  in  Fig.  237,  or  be  at  the 
stuffing-box  as  in  Figs.  3  and  263.  In  good  construction,  the  bolts 
never  act  as  dowel-pins,  do  not  have  to  be  accurately  fitted,  and 
are  not  subject  to  shear. 

At  the  guides  our  three  examples  show  three  typical  forms, 
suited  to  different  types  of  cross-head.  Fig.  237  has  four-bar 
guides,  for  a  wing  cross-head,  shown  in  detail  by  Fig.  298.  Figs.  3 
and  4  sho\y  a  broad  flat  surface  for  a  slipper  cross-head,  formed 
right  on  the  main  casting,  with  side-bars  to  keej)  the  cross-head 
from  lifting.  In  Fig.  238  the  guides  are  bored,  to  receive  a  cross- 
head  of  the  block  or  box  type. 
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In  Figs.  3  and  238  the  bottom  of  the  easting  forms  the  lower 
guide,  then  slopes  toward  the  crank-space  and  toward  the  cylinder- 
connection,   with,  of  course,  very  considerable  differences  in  detail. 


Fig.  237.— Bed  of  15"  by  14"  AmericanBall  Engine.  Fig.  201. 
Scale  1  to  24. 

Fig.  237  shows  another  shape  altogether,  the  bed  being  closed  at 
the  bottom  by  a  nearly  flat  floor.  With  any  stationary  engine, 
it  is  highly  importa,nt  that  oil  from  the  machine  be  not  allowed 
to  soak  into  the  foundation;  in  the  type  under  discussion,  whether 
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horizontal  or  vertical,  the  bed-casting  is  made  so  as  to  catch  and 
contain  all  oil,  even  to  the  extent  of  adding  outside  troughs  as  on 
Fig.  237  and  at  the  bearing  on  Fig.  238.     With  many  engines 
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Fig.  238.— Bed  of  16'  by  16"  Fleming  Four-valve  Engine,  Fig.  215. 
Scale  1  to  24. 


of  the  more  open  type,  sheet-metal  troughs  and  floor-guards  are 
necessary. 

The  oil-catching  spaces  are  always  provided  with  drains  from 
their  lowest  points.  Note  in  Fig.  3  how  an  oil-reservoir  is  formed 
in  the  sub-base  at  the  bearing  end.    Aside  from  the  need  of  a  par- 
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tition  between  the  main  enclosed  space  and  the  chamber  in  front 
of  the  stuffing-box  when  splash  lubrication  is  used  as  in  Fig.  238, 
there  is  good  reason  for  the  same  separation  with  jet-lubrication 
as  in  Fig.  237;  because  the  water  dripping  from  the  stuffing-box 
ought  not  to  be  allowed  to  mix  with  the  oil  from  the  bearings, 
'especially  when  this  oil  is  kept  in  rapid  circulation  by  an  oil-pump. 
The  form  of  the  guards  or  shields  which  enclose  the  working  parts 
can  be  seen  upon,  or  inferred  from,  the  general  illustrations. 

The  remaining  part  of  importance  is  the  bearings.  These  are 
to  be  considered  in  detail  when  the  shaft  is  taken  up.  For  the 
present  it  is  enough  to  remark  that  the  Ames  engine  has  a  cast- 
iron  bushing,  all  in  one  piece,  and  lined  with  babbitt:  the  other 
two  have  plainer,  solid  bearings,  with  babbitt  lining  of  course; 
but  we  note  the  typical  difference  between  the  arrangement  with 
a  top  cap  and  adjustable  quarter-box  in  Fig.  237,  and  that  where 
the  bearing  is  divided  almost  at  right  angles  to  the  principal  line 
of  stress,  in  Fig.  238.  In  the  latter  case,  adjustment  can  be  made, 
if  needed,  by  using  liners  or  shims  beneath  the  cap  at  the  joint, 
and  removing  them  when  wear  must  be  taken  up. 

Bosses  or  seatings  for  the  support  of  the  valve-gear  are  placed 
on  the  engine-bed  as  needed,  without  affecting  the  general  lines  of 
its  design. 


Fig.  239. — Various  Girder-frames  for  Corliss  Engines.    Scale  about  1  to  96. 

(6)  Corliss  Engine-beds. — ^The  older  type  of  open  girder-bed 
Is  illustrated  in  several  forms  in  Fig.  239:   I.  has  the  common  T- 
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bar  section,  as  shown  especially  at  D;  that  is,  it  has  the  flanged 
stiffening  rib,  as  in  Fig.  210;  II.  is  a  less  usual  form,  with  an 
I-beam  cross-section;  while  in  III.  the  stiffening  rib  is  made 
double  back  of  the  guides,  or  something  like  a  box-girder  is  there 
used.  The  relation  between  the  several  views  of  I.  is  indicated 
by  the  cross-lines  and  arrows;  in  II.  only  the  cross-sections  A  and 
B  are  given,  and  these  correspond  with  C  and  D  of  I.;  in  III.,  A 
is  the  front  view.  We  have  here  one  example  of  V  guides,  and 
another  in  Fig.  240;  with  bored  guides  on  one  of  these  side- 
girder  frames,  it  is  quite  usual  partly  to  enclose  the  guides  as  in  III., 
by  running  a  half-ring  from  one  to  the  other  at  the  front  end. 


Fio.  240. — An  Instance  of  Evolution:  the  Bates-Corliss  Engine. 

An  interesting  example  of  development  from  the  older  girder- 
bed  to  the  now  prevalent  full-base  type  is  given  in  Fig.  240:  I.  B 
shows  the  cross-section  of  the  box-girder,  which  is  essentially  the 
same  in  both  designs,  and  is  further  brought  by  II.  B:  II.  C, 
perhaps  even  better  than  A,  shows  how  the  full  base  is  developed, 
by  a  simple  and  harmonious  addition  to  the  original  design. 

Fig.  241  is  given  with  the  intention  of  bringing  out  ver>'^  fully 
the  form  of  the  casting,  show^ing  all  the  hollow  parts  and  the 
form  and  location  of  the  internal  stiffening-ribs.  The  most  intri- 
cate coring  work  is  at  the  collar  around  the  front  end  of  the  guides, 
where  the  cross-section  C  is  taken.  It  is  of  interest  to  note  that 
the  main  web  marked  W  is  continuous,  and  almost  straight,  from 
the  main-bearing  to  the  cylinder-seating.  The  hole  back  of  the 
guides,  at  section  B — as  Ukewise  in  Fig.  239  III. — is  for  the  pur- 
pose of  getting  at  the  inner  end  of  the  wrist-pin,  when  it  is  to  be 
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removed  from  the  cross-head.    A  detail  of  the  bearings  of  this 
engine  will  be  found  in  §  45,  at  Fig.  320. 

(c)  Vertical  Stationary  Engines. — Only  one  frame  of  this 
type  is  illustrated  in  detail,  because  so  much  can  be  seen  by,  or 
inferred  from,  the  external  view,  as  in  Figs.  218,  219,  224,  etc. 
The  fact  that  the  function  of  carrying  the  engine  is  taken  by  the 
bed-plate — the  supporting  forces  acting  in  the  same  line  as  the 
working  forces — makes  the  casting  simpler  than  in  a  horizontal 
engine.    The  example  given  in  Fig.  242  is  rather  more  complex 


Fig.  241.— Frame  of  26"  bv  48"  Murray-Corliss  Engine.  Fig.  218.  ' 
Scale  1  to  60. 

than  usual,  the  frame  consisting  of  three  pieces,  above  the  bed- 
plate.    The  following  description  w^ill  supplement  the  drawing: 

This  engine-frame,  of  the  very  usual  A-shaped  form  in  its 
general  outline,  is  made  up  of  two  principal  parts,  the  housing  1 
and  the  guide-barrel  2:  further,  the  housing  is  here  made  in  two 
pieces,  bolted  together  above  the  crank-arch.  The  advantage  of 
this  construction  is,  that  one  of  these  halves  can  be  removed, 
making  it  a  very  easy  matter  to  take  out  the  shaft;  the  other  half 
being  sufficient  to  carry  the  mere  weight  of  the  engine,  which 
is  small  in  comparison  with  the  steam-forces.    View  CDEF  bears 
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an  important  part  in  showing  the  detail  of  the  housing,  while 
CiHJK  serves  a  like  purpose  for  the  guide-barrel.    The  latter 


Fig.  242. — Frame  of  Vertical  Cross-compound  Buckeye  Engine,  22"  and  42" 
by  27":  see  Fig.  217.    Scale  1  to  36. 

piece  is  somewhat  complicated  by  the  cored-out  hollows  in  the 
bracing-ribs  back  of  the  guides:  otherwise  it  is  a  simple,  straight- 
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forward  casting.  The  only  detail  omitted  in  this  drawing  is 
certain  lugs  which  are  fonned  upon  the  casting  to  support  the 
platforms  or  galleries  seen  on  Fig.  217. 

The  bed-plate  of  this  or  any  other  vertical  stationary  engine 
is  a  comparatively  simple  piece.  It  is,  or  should  be,  always  made 
with  a  bottom-web  running  under  the  crank-pit,  so  as  to  keep 
oil  and  water  off  the  foundation.  The  photographic  views  already 
given  show  clearly  wherein  it  differs  from  the  marine-engine 
bed-plate,  which  is  now  to  be  further  illustrated  by  drawings. 

(d)  Frames  of  Marine  Engines. — ^The  first  example,  Fig.  243, 
is  from  a  smaller  engine  of  the  same  general  type  as  Fig.  235;  and 
the  cylinders  of  this  engine  are  further  illustrated  in  Figs.  259  and 
260.  ^^iew  A  takes  in  only  one  division  of  the  frame,  that  which 
supports  the  high-pressure  cylinder,  and  gives  also  a  half-section 
of  the  cylinder;  while  B  includes  a  section  through  the  valve- 
chamber.  The  cylinder-arrangwnent  is  given  in  Fig.  259,  which 
shows  how  the  three  cylinders  are  flanged  ttnd  bolted  together. 
In  large  engines,  however,  the  cylinders  are  not  thus  rigidly  con- 
nected, because  their  expansion  when  heated  would  throw  the 
stroke-lines  out  of  parallel,  and  because  the  cylinders  would  be 
subjected  to  awkw-ard  stresses.  Constant  distances  between  the 
cylinder-axes  are  preser\'ed  either  by  longitudinal  struts  bolted 
between  the  frames  at  the  top,  as  in  Figs.  232  and  233;  or  by 
having  tie-rods  which  take  hold  of  stout  lugs  on  the  cylinders, 
as  in  Figs.  234  and  235.  The  bed-plate,  Fig.  243  C,  is  of  cast  steel, 
and  the  section  belonging  to  one  cylinder,  with  its  two  shaft- 
bearings,  is  cast  in  one  piece. 

An  interesting  example  of  the  frequently  used  composite  frame 
—cast  housings  at  the  back,  steel  columns  in  front — is  given  in 
Fig.  244.  The  cranks  are  arranged  very  nearly  as  in  Case  B, 
Figs.  183  and  185;  and  further,  in  order  to  diminish  the  free 
turning  or  tipping  moment,  the  two  cylinders  at  each  end  are 
cro\Yded  as  close  together  as  possible.  This  throws  two  sets  of 
valves  together  in  the  middle,  and  separates  the  two  end  groups 
by  the  full  distance  needed  for  these  valve-chambers — giving  the 
layout  seen  in  Fig.  244  C.  Each  pair  of  cylinders  is  supported 
by  two  cast-iron  Y  columns  and  three  steel  columns;  of  the  latter. 
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Fig.  243.— Frame  of  Gunboat  Engine,  U.  S.  Navy;  see  also  Fig.  250. 
Scale  1  to  24. 
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the  one  in  the  middle  (at  the  left  in  A)  is  heavier  than  the  others, 
and  is  also  made  taller  so  as  more  conveniently  to  support  the 
short  brackets  on  the  crowded  sides  of  the  cylinders.    It  is  here 


Fig.  244.— Frame  of  Engine  for  Brilish  Battleship  **  Triumph  ";  four-cylinder 
triple-expansion,  29  .  47",  54"  and  64"  by  89".  Engineering,  1904,  I.,  page 
90.     Scale  about  1  to  56. 

evidently  considered  easier  to  machine  the  end-flanges  oblique  to 
the  shanks  of  the  columns  than  to  plane  the  seatings  exactly  at 
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a  certain  angle  on  the  bed-plate  and  cylinders.  Minor  details 
in  the  way  of  enlargements  upon  these  front  columns,  to  support 
secondar}'  parts  of  the  machine,  are  in  this  drawing  omitted  as 
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non-essential.  As  to  the  bed-plate,  each  main-bearing  frame  is 
a  separate  piece;  and  the  use  of  short  distance-pieces  makes  the 
nimiber  of  joints  in  the  longitudinal  connections  rather  large — so 
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that  this  engine  must  depend,  for  rigidity,  very  much  upon  the 
foundation  which  is  built  into  the  framework  of  the  ship.  Fig. 
244  is,  in  this  respect,  not  representative  of  usual  practice:  much 
stronger  frames  of  the  same  general  type  are  seen  in  Figs.  234 
and  235;  while  the  deep  bed-plates  in  Figs.  232  and  233  are  even 
more  rigid. 

Fig.  245  shows  the  frame  of  a  moderate-sized  triple-expansion 
engine  for  a  small  passenger  steamer,  the  most  striking  feature 
being  the  incorporation  of  the  condenser-body  into  the  engine- 
frame — ^an  arrangement  frequently  used  in  the  smaller  and  slower 
merchant  steamers.  This  whole  frame  is  of  cast  iron,  except  the 
single  steel  front  column  under  each  cylinder;  and  here  the  main 
bed-plate  is  all  in  one  piece,  fastened  to  the  condenser  with  six 
flanged  joints.  The  scale  is  too  small  for  showing  details  of  the 
bearings  and  of  the  condenser:  on  the  latter  are  indicated,  how- 
ever, the  exhaust-inlet  at  E,  the  air-pump  connection  at  P,  the 
water-connections  W,  W,  and  several  hand-holes  marked  H.  For 
the  rest,  the  detail  of  the  casting  is  quite  clearly  given  by  the 
sectional  views. 

{e)  Locomotive  Framework. — This  type  of  construction  is 
sufficiently  represented  by  the  example  in  Fig.  246,  which  is  of 
simple  form,  with  no  special  or  peculiar  features.  The  engine- 
cylinders  are  each  cast  in  one  piece  with  half  of  the  saddle  2,  as 
best  seen  at  C  and  D;  in  A  the  cylinder  in  the  foreground  is  cut 
away,  and  we  see  a  section  of  the  neck  between  cylinder  and  saddle, 
with  the  passages  marked,  S  for  live  steam,  E  for  exhaust.  The 
"frames"  proper,  3,  4,  are  forgings  made  by  welding  together 
heavy  wrought-iron  bars,  though  the  use  of  steel  castings  for 
these  parts  is  becoming  more  and  more  prevalent.  The  front 
frame  3  is  securely  bolted  to  the  saddle,  besides  being  held  by 
shoulders  upon  the  bar;  and  is  fastened  to  the  main  frame  4  by 
a  strong  splice.  Piece  4  contains  the  "jaws"  for  the  axle-boxes, 
with  panels  between  them,  each  jaw  being  closed  at  the  bottom 
by  a  pedestal-brace  of  the  bolt-and-thimble  form.  A  "  ten-wheel" 
locomotive  has  three  driving-axles;  the  place  for  one  of  these  is 
cut  out  in  the  figure,  on  account  of  Umitations  of  space. 

Without  going  into  a  description  of  the  cross-framing  and  the 
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boiler-support,  which  are  clearly  indicated,  we  have  the  framework 
belonging  to  the  engine  proper  completed  by  the  guide-yoke  5  and 
the  guide-bars  6;  the  latter  being  carried  by  the  cylinder-head 
at  their  front  end,  as  can  be  seen  also  in  Figs.  247  and  256.  The 
small  bearing  which  rests  upon  the  frame  just  in  front  of  the  guide- 
yoke  is  for  the  rocker-arm,  a  part  of  the  valve-gear. ' 

§43.  The  Cylinder. 

(a)  The  Cylinder  of  a  Simple  Locomotive  of  moderate  size 
is  very  fully  illustrated  by  the  sectional  views  in  Figs.  247  and 
248.  There  are  several  reasons  why  this  particular  type  is  chosen 
for  detailed  description:  its  general  form  is  simple;  even  though 
some  complication  is  introduced  by  the  connection  to  the  body 
of  the  saddle-casting;  in  the  main  view  it  is  almost  entirely  clear 
of  the  framework;  and  especially,  as  regards  the  short  sUde- 
valve  and  the  long  steam-passages,  it  is  the  extreme  type  in  one 
direction,  with  the  cylinder  having  separate  valves  and  short 
ports  as  the  other  extreme. 

The  cylinder-body  1  is  a  continuous  shell,  except  where  the 
steam-ports  9,  9,  cut  through  it;  and  around  each  end  there  is  a 
stout  flange  to  which  the  cylinder-heads  3  and  4  are  fastened  with 
stud-bolts.  That  part  of  the  inside  surface  along  which  the  piston 
slides  is  called  the  "  bore"  of  the  cylinder:  at  the  ends  it  is  counter- 
bored  a  little  larger  (from  J"  to  J"  in  diameter).  This  is  done 
partly  to  facilitate  re-boring  when  worn,  partly  in  order  that  the 
piston  may  not  wear  the  rubbing  surface  to  a  shoulder  at  the 
end  of  the  stroke — the  edge  of  the  packing-ring  slightly  over- 
travelling  the  end  of  the  bore.  The  heads,  shallower  than  in  any 
of  the  designs  which  follow,  extend  into  the  counterbore,  Rnd 
are  stiffened  with  radial  ribs  on  the  outside.  The  back  head 
carries  the  stuffing-box — of  special  form  in  that  it  is  to  contain 
metallic  packing — ^and  a  stout  flange  for  supporting  the  guide- 
bars,  as  already  shown  on  Fig.  246.  The  piston  is  of  simple  cast- 
iron  box  form,  and  calls  for  no  comment  at  this  point. 

(h)  Detail  of  the  Casting. — Turning  from  the  cylinder 
proper  to  the  valve-chest  and  steam-passages,  and  to  the  portion 
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of  the  casting  which  joins  the  cylinder  to  the  saddle,  we  encounter 
much  more  complicated  shapes.  This  rather  intricate  part  of 
the  casting  will  now  be  fully  described,  not  only  on  accomit  of  its 
importance  as  a  type  of  design,  but  also  because  its  very  complexity 
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Fig.  247. — Lengthwise  Section  of  a  Locomotive  Cylinder,  20"  diameter 
by  24"  stroke.     Scale  1  to  12. 

1  to  8.  Main  Outline  of  Cylinder. 

1.  Cylinder  body  or  barrel.  5.  Stuffing-box. 

2.  Cylinder  flanges.  6.  Piston. 

8.  Front  cylinder-head.  7.  Piston-rod. 

4.  Back  cylinder-head.  8.  Packing-rings. 

9  to  13    Steam -passages. 

9.  Steam-ports.  11.  Valve-seat.  12.  Steam-inlet. 

10.  Exhaust-port.  13.  Valve-chest  base. 

entails  some  excellent  practice  in  reading  drawings  and  in  appre- 
ciating the  essential  form  of  a  casting  which  has  to  fulfil  certain 
requirements. 

The  bottom  of  the  steam-chest  is  a  flat,  rectangular  table, 
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throagh  which  open  the  steam-passages;  and  in  the  space  between 
this  table  and  the  cylinder-shell  are  formed  the  walls  of  these 
passages.  The  steam-ports  9,  9,  and  the  exhaust-port  10  come 
up  to  the  raised  valve-seat  11.    The  steam-pipe,  coming  down 


FiQ.  248.— €ro88-8ection  of  Cylinder  in  Fig.  247. 


14  to  20.  Details  of  Cylinder-casting. 
14.  Apron. 
15, 16.  Hollows  around  steam-passages. 
17, 18.  Stiffening-struts  across  ports. 

19.  Drip-cock  taps. 

20.  Indicator  taps. 


21  to  25.  Valve-chest  and  valve. 

21.  Valve-chest  casting. 

22.  Valve-chest  cover. 

23.  Balance-plate. 

24.  Valve. 

25.  Valve-yoke  and  rod. 


through  the  saddle  (see  Fig.  246  and  Fig.  257),  forks  into  th'e 
two  steam-inlets  12,  12,  which  open  into  the  steam-chest  at  each 
end  of  the  valve-seat.  In  Fig.  248  the  profiles  of  the  different 
ports  are  indicated  by  repeating  these  numbers,  and  marking 
with  arrow-heads  the  lines  to  which  they   refer.    The  steam- 
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ports  drop  down  between  slanting  plane  walls,  then  curve  around 
and  are  fitted  to  the  outer  surface  of  the  cylinder,  until  they  get 
to  the  ends  and  turn  in — ^being  of  nearly  constant  width.  The 
exhaust-port  is  bounded  by  easy  curves  as  it  drops  dox^n  to  the 
surface  of  the  cylinder,  then  runs  off  into  the  saddle;  and  the 
steam-inlets  are  of  similar  shape,  but  are  above  the  outer  walls 
of  the  steam-ports. 

To  keep  the  metal  around  these  various  cavities  uniform  in 
thickness,  a  number  of  pockets  must  be  formed  in  the  external 
surface  of  the  casting.  Inside  the  apron  14,  which  at  the  ends 
bends  around  to  join  the  cylinder-flanges,  there  is,  in  the  middle, 
a  pocket  coming  to  the  wall  of  the  exhaust-port  10;  then  the 
steam-port  walls,  coming  down  straight,  and  connected  to  the 
apron  by  ribs  which  stiffen  the  latter;  next,  shallow  pockets  to 
the  steam-inlet  walls;  and  last,  at  the  ends,  deep  pockets  15 
which  run  in  as  far  as  the  central  plane  of  the  cylinder.  The 
minimum  section  of  the  space  15  is  shown  on  Fig.  247,  at  the 
right;  at  the  left  is  given  the  outline  of  a  similar  space  16  at  the 
back  of  the  cylinder,  but  which  is  not  closed  in  like  15.  To  stiffen 
the  port-walls,  the  stud  17  is  cast  in  the  exhaust-port,  set  at  an 
angle  so  as  to  obstruct  the  passage  as  little  as  possible;  and  simi- 
lar cross-studs  18, 18,  tie  the  flanges  to  the  cylinder-body  near  the 
middle  of  each  steam-port  opening. 

Other  details,  external,  are,  the  stout  rib  along  the  bottom 
of  the  cylinder;  the  enlargement  of  the  outer  diameter  at  the 
counterbores,  with  two  shallow  ribs  nmning  around  the  cylinder; 
and  the  taps  for  the  cylinder-drains  and  the  indicator  pipes,  at 
19  and  20.  The  form  of  the  saddle-casting  just  back  of  the 
cylinder  is  sufficiently  shown  on  Fig.  246. 

(c)  Valve-chest  and  Valve.— The  steam-chest  21  is  a  rectang- 
ular box,  with  a  stiffening-rib  all  around  it  and  the  valve-rod 
stuffing-box  at  one  end.  The  cover  22  is  a  separate  piece,  and 
one  set  of  stud-bolts  tightens  up  both  joints.  The  device  for 
making  these  steam-tight  is  shown  in  detail  at  E,  Fig.  248;  a 
rectangular  "ring"  of  heavy  copper  wire,  soldered  at  the  comers, 
is  placed  between  the  cast-iron  surfaces;  when  the  bolts  are 
screwed  up  the  wire  is  squeezed  flat,  and  the  ledge  on  the  steam- 
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chest  keeps  this  gasket  from  blowing  out.  The  same  kind  of 
packing  is  used  at  the  stuffing-box  covers.  The  cylinder-heads, 
however,  have  "ground"  joints,  and  need  no  packing. 

Beneath  the  steam-chest  cover  is  bolted  the  balance-plate  23, 
whose  lower  surface  is  a  true  plane,  parallel  to  the  valve-seat. 
The  valve  is  a  simple  D  valve,  short  and  wide,  and  the  valve- 
yoke  25  goes  clear  around  it,  as  shown  by  the  top  view  in 
Fig.  249.    This  view  also  makes  clear  the  manner  in  which  the 
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Fig.  249. — Plan  of  Valve  and  Valve-yoke  in  preceding  figures. 

balance-strips,  shaded  for  emphasis,  shut  off  steam  from  the 
greater  part  of  the  top  of  the  valve.  In  this  design — the  Richard- 
son balanced  valve — there  are  four  straight  strips,  fitted  neatly 
into  the  grooves  in  the  valve,  and  touching  each  other  closely  at 
the  comers;  the  end  strips  2  having  lugs  to  keep  them  in  place. 
Under  the  strips  are  light  springs;  but  they  are  pressed  up  against 
the  balance-plate  chiefly  by  the  steam,  which  has  free  access  to 
their  under  side.  Note  the  small  vent-hole,  connecting  this 
relieved  space  with  the  exhaust-port. 

((/)  Various  Engine-cylinders. — The  drawings  w^hich  follow. 
Figs.  250  to  273,  show  a  number  of  different  steam-cylinders,  more 
or  less  in  detail,  for  the  purpose  of  bringing  out  the  important 
variations  in  arrangement  and  construction.  In  fir^t  running  over 
these,  we  shall  note  the  more  striking  features  of  each  design; 
then,  after  all  the  examples  have  been  presented,  some  of  the  more 
important  details  w^ill  be  systematically  reviewed.  It  is  self- 
suggestive  that  there  are  two  principal  points  of  view  from  which 
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the  cylinder  may  be  regarded :  on  one  side  is  the  function  of  work- 
performance,  involving  the  action  of  forces,  and  presenting  ques- 
tions of  strength,  tightness,  durability,  and  convenience  of  access; 
on  the  other  side  is  the  function  of  steam-distribution.  The  work- 
ing element,  the  **  cylinder''  proper,  shows  only  secondary  varia- 
tions in  the  form  of  its  parts,  however  important  these  differences 
may  be  from  the  point  of  view  of  the  constructor:  but  in  the  form 
and  arrangement  of  the  valve  (or  valves)  and  of  the  steam-passages 
there  is  a  wide  variety.  Note  that  of  the  two  elements  of  the  steam- 
distribution,  form  and  movement,  we  are  now  concerned  with 
the  first  only,  except  in  the  most  general  way;  and  the  various 
valves  shown  can  be  more  fully  understood,  in  their  detail  and 
proportions,  after  the  action  of  the  valve-gear  has  been  studied, 
in  the  next  chapter. 

(e)  Different  Valve-arrangements. — Analyzing  the  steam- 
distribution,  as  already  described  in  Chapter  I.,  we  note  that  the 
valve  in  an  ordinary  double-acting  engine  has  to  perform  four 
functions,  namely,  to  admit  steam  to  each  end  of  the  cylinder  and 
permit  exhaust  from  each  end.  The  common  D  valve,  with  each 
of  its  four  edges  controlling  one  of  these  operations,  may  well  be 
called  a  four-function  valve.  In  many  cases,  the  functions  are 
separated,  two  double-function  valves,  or  four  single-function 
valves,  being  used.  Of  the  latter  arrangement,  the  Corliss  engine 
is  the  most  prominent  example. 

(/)  Engines  with  Separate  Slide-valveS. — ^The  example 
given  in  Fig.  250  is  typical  of  a  number  of  designs.  With  its  four 
short  ports  and  separate  valves,  it  contrasts  very  strongly  with 
the  locomotive  cylinder  in  Fig.  247.  Structurally,  this  engine 
has  four  valves;  kinematically — that  is,  as  regards  movement — 
there  are  two  valves,  one  for  the  two  admissions,  the  other  for 
the  two  exhausts.  Right  here  a  distinction  can  be  drawn  between 
separate  valves  and  a  separated  valve.  When  a  plain  or  partly 
balanced  D  valve  is  used,  as  in  Fig.  247,  it  is  made  as  short  as 
possible,  in  order  that  there  shall  be  the  minimum  of  area  upon 
which  the  steam-pressure  may  act  to  force  the  valve  hard  down 
upon  its  seat  and  produce  friction.  When  the  valve  is  fully  bal- 
anced, as  in  the  Sweet  design,  shown  in  Fig.  6,  it  is  made  longer, 
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or  the  working-faces  are  separated,  so  as  to  get  short  ports.  Com- 
plete evolution  in  this  direction  is  shown  in  Fig.  250,  where  the 
valve  is  divided  into  two  separate  parts,  connected  only  by  the 
valve-rod  which  moves  them.  If  now  these  tw^o  valves  are  sepa- 
rately driven,  as  in  the  Porter-Allen  engine,  we  have  what  may 
strictly  be  called  separate  valves.  The  Porter-Allen,  one  of  the 
earliest-developed  good  high-speed  engines,  is  not  here  illustrated: 
but  the  valve-gear  is  shown  in  outline  in  §  58,  and  the  general 
arrangement  of  the  cylinder  is  very  much  as  in  Fig.  250. 


Pig.  250.— Cylinder  of  Watertown  Four- valve  Engine. 

A  noticeable  feature  of  this  cylinder  is  the  great  depth 
of  the  heads,  which  is  rendered  necessary  by  the  requirement  of 
the  steam-chest  space  well  beyond  the  ports.  In  regard  to  the 
balancing  of  the  valves,  we  see  that  the  balance-plates  on  the 
exhaust  side  must  be  held  in  place  mechanically,  against  the 
distance-strips  which  just  leave  the  valve  room  to  move;  whereas 
the  balance-plates  on  the  admission-valves  are  held  up  by  the 
steam-pressure,  like  the  single  plate  in  Fig.  6.  Further,  each 
exhaust-valve  has  two  or  three  slots  cut  through  it  (rather  than 
the  single  one  shown  in  this  illustration),  in  order  that  the  steam- 
pressure  shall  always  be  equalized  on  the  two  sides  of  the  valve, 
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or  that  the  pressure  of  the  steam  in  the  cylinder  shall  not  force 
the  valve  hard  against  the  balance-plate. 

(g)  The  Double-faced  Flat  Valve. — ^The  cylinder  of  the 
engine  illustrated  in  Figs.  201  and  237  is  shown  in  detail  by  Fig. 
251,  with  especial  emphasis  on  the  valve  and  steam-ports.     In 


Fig.  261.-.Cylinder  of  15"  by  14"  American-Ball  Eogioe;  see  Figs.  201  and 

287.     Scale  llo  14. 

this  Ball  design  there  are  two  parallel  valve-seats,  just  alike, 
with  the  extensible  valve  between  them.  Each  half  of  the  valve 
has  the  usual  working-face  of  a  common  D  valve;  and  the  halves 
are  connected  by  a  sliding  cylindrical  joint,  telescopic  in  its  action 
and  with  grooves  and  a  packing-ring  to  prevent  leakage.  This 
valve  differs  from  those  in  Figs.  6  and  247  in  that  the  live  steam 
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is  at  the  middle,  while  the  exhaust  takes  place  past  the  outer  edges 
of  the  valve.  This  interchange  of  function  does  not  affect  the 
steam  distribution  at  all;  its  effect  upon  the  arrangement  ©f  the 
valve-gear  will  be  brought  out  in  the  next  chapter,  where  the 
'"balancing"  of  the  valve  will  also  be  discussed.  Note  how  the 
valve-rod  is  connected  to  the  valve,  by  a  self-adjusting  grooved 
block,  free  to  take  the  position  in  which  there  will  be  no  bending 
effect  upon  the  rod. 

This  horizontal  position  of  the  valve,  in  a  plane  through  the 
cylinder-axis,  makes  the  ports  long,  so  that  the  engine  is  bound 
to  have  a  large  clearance-volume :   but  the  mere  doubling  of  the 
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Fig  252.— Cylinder  with  Plain  Piston-valve.    Scale  1  to  12. 


ports  does  not  of  necessity  give  them  a  larger  total  cross-section 
than  a  single  passage  ought  to  have.  The  shape  of  this  part  of 
the  casting  is  so  fully  shown  by  the  sectional  views  as  to  need 
no  explanation. 

(/?)  Engines  w^ith  Piston-valves. — ^The  first  example,  in 
Fig.  252,  is  of  the  simplest  possible  form — a  plain,  close-fitting 
pluff,  without  any  packing-device.  This  arrangement  has  been 
found  quite  satisfactory  with  valves  not  over  six  inches  in  diameter; 
but  it  is  rather  more  usual  to  provide  some  means  of  adjustment 
or  some  sort  of  packing-rings  even  with  small  valves.  The  section 
along  the  port,  at  B,  is  useful  in  showing  how  the  valve  is  placed 
near  the  back  of  the  semicylindrical  steam-chest,  in  order  that 
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the  port  shall  fully  and  yet  closely  accommodate  the  streams 
flowing  in  or  out  all  around  the  valve. 

In  Fig.  253  is  seen  a  double  piston-valve,  each  valve  being 
in  two  parts,  joined  by  rods.  The  inner,  secondary  valve  com- 
bines with  the  outer  main  valve  in  controlling  the  operation  of 
admission  of  steam  into  the  cylinder;  but  the  exhaust  is  deter- 
mined wholly  by  the  main  valve.  One  valve-rod  works  inside 
the  other,  the  hollow  rod  carrying  a  stuffing-box  at  its  outer  end. 


Fig.  254.— Cylinders  of  Reeves  Vertical  Compound  Engine,  Fig.  202 

(i)  High-speed  Compound  Engines. — In  the  very  compact  en- 
gine shown  by  Fig.  254,  the  two  cylinders  and  their  valve-chambers 
are  cast  all  in  one  piece,  with  the  lower  cylinder-heads  included. 
The  working-faces  of  the  piston-valves  are  adjustable  in  diameter. 
The  high-pressiu-e  valve,  at  the  right,  works  inside  a  full-length 
bushing,  being  completely  inclosed  except  for  the  steam-inlets 
toward  the  top;  then  the  space  AA  forms  a  very  effective  steam- 
separator,  within  the  engine,  drained  by  the  outlet  at  the  bottom. 
The  steam-action  for  the  particular  position  is  indicated  by  arrows, 
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the  working  of  the  larger  valve  being  somewhat  complicated  by 
the  fact  that  it  controls  both  the  exhaust  from  the  high-pressure 
cylinder  and  all  the  functions  for  the  low-pressure. 


Fig.  2.')/).— Cylinders  of  Wesiinghouse  Compound  En'^ine,  Figs.  207,  208. 

The  general  arrangement  of  the  Westinghouso  single-acting 
engine  has  already  been  commented  upon'  under  Fig.  20«S.  In 
Fig.  225  are  shown  the  details  of  the  cylinders,  pistons,  and  valve. 
Putting  the  steam-chest  on  top  of  the  cylinders  gives  the  latter 
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a  very  simple  form.  This  sectional  view  makes  clear  the  construc- 
tion of  the  combined  piston  and  cross-head.  The  external  form 
of  the  valve  is  rather  better  shown  in  Fig.  208;  here  we  see  that 
it  is  hollow,  all  of  its  inner  surface  being  exposed  to  the  exhaust 
steam.  TTie  annular  space  aroimd  the  neck  of  the  valve  alternately 
connects  the  steam-space  S  to  the  high-pressure  port  B,  and  this 
port  to  the  low-pressure  port;  exhaust  taking  place  past  the  right 
end  of  the  valve,  as  in  the  figure.  The  valve  works  inside  a  con- 
tinuous bushing,  in  which  all  the  port-openings  can  be  accurately 
machined.     From  B  a  by-pass  valve  connects  to  the  steam-space 


Fig.  256. — Cylinders  of  Vauclain  Compound  Locomotive,  Baldwin 
Locomotive  Works.     Scale  1  to  24. 

S;  this  is  worked  by  hand,  and  is  opened  w^hen  starting  the  engine, 
so  as  to  admit  steam  directly  to  the  low-pressure  cylinder.  From 
the  annular  space  A,  about  the  low-pressure  piston-trunk,  there 
is  communication  to  the  outer  air  through  a  check-valve,  w^hich 
can  be  held  open  while  the  engine  is  being  turned  over  by  hand. 

(/)  The  Vauclain  Compound  Locomotive. — A  particularly 
compact  type  of  the  direct-expansion  compound  engine  is  illus- 
trated in  Figs.  256  to  258.  There  are  a  number  of  interesting 
features,  especially  in  the  form  and  arrangement  of  the  steam- 
passages  and  of  the  single  valve  which  controls  the  steam-dis- 
tribution of  both  cylinders.     Fig.  256  is  a  vertical  section,  giving 
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the  general  arrangement  of  the  cylinders,  pistons,  and  cross-head; 
note  the  different  kinds  of  piston  used  for  the  different  diameters. 
The  details  of  the  casting  are  shown  by  Fig.  257 ;  while  in  Fig.  258 
two  partial  sections,  which  follow  the  lines  VH  and  A'L  in  Fig. 
257  A,  are  turned  into  one  plane.  According  to  the  notation  on 
the  lengthwise  sections,  1  or  S  is  the  steam-supply  passage,  2  is 
the  port  to  the  high-pressure  cylinder,  and  3  to  the  low-pressure, 
and  4  or  E  is  the  exhaust-passage.     On  Fig.  257  A  the  profiles 


Fig.  257— Sections  of  Cylinders  and  Saddle.  Fig.  256.     Scale  1  to  24. 

of  the  two  ports  are  shown  by  dotted  lines,  each  being  marked  by 
its  number:  with  the  help  of  Fig.  258  we  see  that  4  and  3  come 
down  to  the  walls  of  both  cylinders,  2  is  partly  outside  of  3,  and 
1  is  outside  of  both  ports,  2  and  3. 

In  this  particular  example,  the  two  cylinders  have  not  their 
axes  in  the  same  vertical  plane,  as  showTi  in  Fig.  257  A;  to  dimin- 
ish the  over-all  width  of  the  locomotive,  the  large  cylinder  is  moved 
in  a  little  from  the  plane  of  the  engine-mechanism,  and  the  small 
cylinder  is  moved  out  a  corresponding  amount.     Usually,  how- 
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ever,  the  cylinders  are  placed  one  directly  above  the  other;  the 
large  cylinder  being  on  top  in  a  freight  locomotive  with  small 
wheels  and  a  low  stroke-line,  the  small  cylinder  on  top  when  the 
wheels  are  large.  An  idea  of  the  arrangement  of  the  framework, 
at  the  saddle,  can  be  got  from  view  A. 


Fig.  258.— Sections  through  Valve  and  Ports,  Fig.  256.     Scale  1  to  13. 


The  form  of  the  valve  is  clearly  shown  in  Fig.  258,  and  the 
manner  in  which  it  controls  the  steam-action  in  both  cylinders  is 
indicated  by  the  arrows.  As  with  the  D  valve,  the  steam  is 
here  at  the  ends,  the  exhaast  in  the  middle,  A  complete  study 
of  the  action  of  this  valve  is  quite  complex — belonging  to  the 
subject-matter  of  Chapter  XI.  In  the  face  of  the  saddle,  on  Fig. 
257  A,  is  seen  an  outlet  from  the  steam-passage;  a  by-pass  valve 
connected  to  this  can  admit  steam  directly  to  the  low-pressure  cylin- 
der, through  the  holes  in  the  heads  shown  near  the  top  of  Fig. 
256,  in  order  to  give  extra  power  in  starting  the  locomotive;  but 
this  steam  is  throttled  dovm  from  the  boiler-pressure,  so  that  it 
will  not  exert  too  great  a  force  upon  the  large  piston. 
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Other  cylinder-arrangements  which  are  in  the  same  class  with 
the  one  just  described  are  illustrated  in  Figs.  436  to  438. 

(k)  Marine-engine  Cylinders. — As  typical  of  this  class,  ihe 
cylinders  of  a  small  triple-expansion  engine,  already  partly  illus- 
trated in  Fig.  243,  are  fully  shown  in  Figs.  259  and  260,  and  in 
Fig.  411.  Fig.  259  gives  the  general  arrangement;  the  lower 
half  of  the  figure  is  a  section  at  mid-length,  the  upper  half  goes 
through  the  top  steam-port.  The  first  point  to  be  noted  is  the 
manner  in  which  the  cylinders  are  bolted  together,  so  as  to  form 


Fig.  259 — Cylinders  of  Small  Triple-expansion  Marine  Engine;  see  also 
Figs.  243,  260.  and  411;  stroke  18".     Scale  1  to  32. 


one  rigid  piece;  besides  the  flanged  seatings  for  this  purpose,  we 
see  also  the  feet  which  rest  upon  the  columns  of  the  framework. 
As  to  the  valve-arrangement,  the  use  of  piston-valves  on  the 
high  and  intermediate  cylinders  and  of  a  slide-valve  on  the  low 
cylinder  is  ver>''  common;  as  is  also  the  use  of  two  or  more  piston- 
valves  on  one  cylinder  when  it  is  large.  Turning  back  to  Fig. 
243,  we  see  that  the  H.P.  valve  receives  steam  at  the  middle  and 
exhausts  at  the  ends,  through  two  outlets;  these  are  joined  by  a 
branched  pipe,  which  carries  the  steam  to  the  middle  of  the  inter- 
mediate valves;  and  a  similar  arrangement  is  used  between  the 
M.P.  and  L.P.  cylinders.  A  good  idea  of  the  steam-pipe  arrange- 
ment on  marine  engines  can  be  got  from  Figs.  232  to  235;   usu- 
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ally  the  pipes  are  of  copper;  and  expansion  is  allowed  for  by  mak- 
ing the  piping  of  a  flexible  form  or  by  the  use  of  slip-joints. 

The  detailed  construction  of  two  of  the  cylinders  of  the  engine 
under  consideration  is  given  in  Fig.  260.  Cone-disk  pistons,  steel 
castings,  are  used;  and  the  chief  purpose  in  drawing  parts  of  the 
two  cylinders  side  by  side  is  to  show  how  the  pistons  have  all 


Pig.  260.— Details  of  Gunboat-engine  Cylinders,  Fig.  259.     Scale  1  to  12. 

the  same  height,  so  that  the  slant  of  the  cone  decreases  with  the 
diameter.  The  cylinder-heads  are  closely  conformed  to  the 
piston,  the  lower  head  being  cast  solid  with  the  cylinder  and 
having  an  opening  for  the  insertion  of  the  stuffing-box.  To  sepa- 
rate the  valve-chamber  from  the  cylinder,  imiting  them  by  the 
ports  and  by  stiffening-ribs  as  needed,  is  characteristic  of  marine 
practice.  The  two  chambers  on  the  intermediate  cylinder  are 
cross-connected  in  steam-space,  ports,  and  exhaust-spaces.     Note 
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the  free  use  of  ribs  or  webs  (marked  W)  to  stiffen  the  casting, 
especially  in  the  ports. 

A  detail  of  this  piston-valve,  showing  how  it  can  be  adjusted 
in  diameter,  will  be  fomid  in  Fig.  428.  Other  marine  cylinders 
are  more  or  less  fully  illustrated  in  Fig.  273  and  Figs.  412  to  414. 

(0  The  Corliss  Cylinder. — ^A  representative  example  of  this 
type  of  cylinder  is  given  in  Figs.  261  and  262;  of  the  former,  three- 
fourths  is  a  section  through  the  head-end  ports,  while  the  upper 


Fig.  261.— Cross-section  of  Cylinder  in  Pig.  262. 

right-hand  quarter  is  taken  at  mid-length.  The  general  features 
calling  for  particular  notice  are,  the  location  and  form  of  the 
valves  and  ports,  the  steam-chamber  at  the  top,  and  the  exhaust- 
chamber  at  the  bottom.  Fig.  261  shows  a  part  of  the  valve- 
gear,  which  will  be  found  fully  illustrated  and  discussed  in  §  56: 
for  the  present  it  is  enough  to  know  that  the  valves  are  oscillated 
back  and  forth  so  as  properly  to  control  the  admission  and  exhaust 
for  the  two  ends. 

As  to  the  valves,  we  note  that  each  is  a  complete  cylinder 
at  the  ends,  with  a  full  bearing  in  which  it  turns;  but  at  its 
working  part  t*he  steam-vahe  has  only  a  narrow  cylindrical  face, 
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though  the  exhaust-valve  fills  more  space.  The  valve-stem  is  a 
separate  piece — the  valves  being,  of  course,  made  of  cast  iron — 
with  a  T  head  that  fits  into  a  slot  cut  in  the  end  of  the  valve. 
The  valve-chambers  are  closed  at  the  ends  by  caps  or  bonnets, 
of  which  the  one  at  the  rear  carries,  on  a  yoke,  the  valve-stem 
bearing.  In.  this  engine  a  couple  of  large  holes  are  drilled  through 
the  front  heads  of  the  exhaust-valves,  to  give  passage  to  the 
relief-valves,  which  are  screwed  into  the  bonnets.    On  the  back 


Pig.  262.— Lengthwise  Section  of  Corlisa  Cylinder,  26"  by  48". 
Scale  1  to  21. 

«^ 

of  the  cylinder,  at  mid-length,  is  formed  a  seating  for  the  wrist- 
plate  bracket. 

The  valve-chambers  are  here  of  the  rectangular  form,  so  that 
the  cyUnder  has  the  square-cornered  effect  seen  in  Figs.  210  and 
211.  Sections  of  round  valve-chambers  are  given  in  Figs.  241, 
269,  and  270:  this  closer  conformation  to  the  shape  of  the  valve 
is  usual  in  the  later  designs.  In  Fig.  262  the  exposed  surfaces  of 
the  valve-chambers  are  polished,  in  order  to  diminish  the  radia- 
tion of  heat:  with  round-cornered  cyUnders,  the  sheathing  covers 
everything.     It  is  to  be  noted  that  the  steam-chamber  S  is  formed 
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right  upon  the  cylinder,  so  as  to  steam-jacket  a  part  of  its  surface; 
but  the  exhaust-chamber  is  separated  from  the  cylinder-body. 
Stiffening  webs,  marked  W,  run  along  the  middle  of  the  steam- 
chamber.     The  main  pipe-connections  are  obvious. 

A  high-speed  engine  with  Corliss  valves  is  illustrated  in  Fig. 
263,  which  we  now  examine  with  especial  regard  to  the  form  of 
the  cylinder.  Note  the  shield  which  extends  beyond  the  valve- 
chambers,  and  forms  the  rectangular  end  better  seen  on  Fig.  215. 
The  valves  of  this  engine  are  much  more  complex  in  shape  than 
those  in  the  preceding  example,  the  steam-valves  being  triple- 
ported  for  small  openings,  double-ported  for  large  ones.  These, 
together  with  the  valve-gear,  will  be  more  fully  considered  later. 

(m)  Cylinders  with  Gridiron  Valves. — After  the  Corliss 
type  of  oscillating  plug  valve,  the  next  single-function  type  to  be 
considered  is  the  gridiron  valve;  which,  by  a  simple  sliding  move- 
ment, opens  and  closes  a  number  of  ports.  One  prominent  ex- 
ample is  given  in  Figs.  264  and  265;  the  valves  are  long  narrow 
slides  with  a  number  of  openings  running  crosswise.  In  general 
arrangement  this  is  very  much  like  a  Corliss  cylinder,  \)\it  with 
marked  differences  in  the  form  of  the  valve-chambers.  The  valve- 
seats  are  separate  inserted  pieces,  which  is  a  decided  advantage 
both  as  to  original  construction  and  as  to  ease  of  repair  or 
renewal. 

This  engine  has  a  positive  valve-gear,  of  quite  a  complicated 
form,  which  vnll  be  fully  discussed  in  the  next  chapter.  To  get  a 
quick  and  variable  cut-off,  a  second  valve  is  used,  working  upon 
the  back  of  each  main  steam-valve,  and  controlled  by  a  shaft- 
governor,  so  that  each  cylinder  has  six  valves  in  all.  The  exhaust- 
valves  are  closely  guided  between  their  seats,  which  are  bolted  fast, 
and  the  body  of  the  cylinder:  the  steam-valves  have  more  freedom; 
there  is  a  clearance  between  the  riding-valve  and  the  ends  of  Ihe 
fixed  pins  or  studs  that  project  inward  from  the  valve-chest  covers, 
so  that  the  valves  can  rise  about  1/16  inch  from  their  seats;  but 
they  are  kept  from  rattling,  when  running  loose  after  steam  is 
shut  off,  by  the  movable  guides  shown  in  Fig.  264.  These  are 
held  by  pins,  which  pass  through  an  oblong  hole;  and  each  is 
pressed  inward  by  a  flat  spring  between  its  head  and  the  cover. 
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An  essential  feature  of  any  large  engine,  shown  very  clearly 
in  Fig.  264,  is  the  relief-valve,  which  opens  when  the  pressure  in 
the  cylinder  becomes  excessive,  as  when  water  is    accidentally 


Fig.  264. — Horizontal  Section,  low-pressure  cylinder  of  vertical  compound 
31clnt08h  &  Seymour  Engine;  see  Fig.  218. 

drawn  in.  In  general,  a  relief-valve  is  simply  a  spring-loaded 
safety-valve;  but  the  one  here  showTi  serves  also  as  a  drain-valve, 
since  it  can  be  opened  by  turning  the  star-wheel  so  as  to  draw 
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the  valve  back,  compressing   the   spring.     Note  how  this  valve 
opens  directly  into  the  exhaust-chamber. 

A  very  compact  valve-arrangement,  withal  convenient  of 
access,  is  that  in  the  Wheelock  engine,  Fig.  266.  The  two  grid- 
iron valves  for  one  end  are  carried  in  a  cylindrical  plug,  in  which 
their  seats  are  formed.  This  plug  is  inserted  like  a  Corliss  valve; 
it  is  given  a  slight  taper,  so  that  it  will  draw  up  tight;  it  carries 
the  whole  valve-gear  on  the  head  bolted  to  its  outer  end;  and  it 
can  be  removed  when  the  valves  are  to  be  examined  or  repaired. 
This  is  the  first  steatn-jacketed  cylinder  that  has^  been  shown: 
here  the  steam-chamber  and  the  jacket  are  in  all  one,  so  that  the 


Pig.  265.— Axial  Section  of  Cylinder  in  Fig.  264. 

whole  supply  of  steam  passes  through  the  jacket.  The  structural 
details  involved  in  the  arrangement  will  be  touched  upon  presently; 
and  illustrations  of  the  valve-gear,  which  is  of  the  releasing  type, 
will  be  given  in  the  next  chapter. 

(n)  Drop-valve  Engines. — ^AU  the  valves  so  far  sho^\^l  act 
by  the  sliding  of  one  surface  upon  another,  whether  the  surfaces 
be  flat  or  cylindrical.  Radically  different  in  form  and  action  are 
valves  of  the  lift  or  poppet  type.  These  are  not  much  used  in 
American  or  English  practice,  and  less  now  than  formerly:  but 
on  the  Continent  of  Europe,  and  especially  in  Germany,  engines 
of  the  type  illustrated  in  Fig.  267  are  ver}^  common. 
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Fig.  267.— German  Drop-valve  Enpine;  high-pressure  cylinder  of  670  and 
1075  by  130  J    mm.  compound  engine.     Scale  about  1  to  30. 
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Fig.  268.— Large  Corliss  Cylinder  with  valves  in  heads  and  separate  side- 
pipes;  low-pressure  cylinder  of  32"  and  68"  by  48"  vertical  cross-com- 
pound engine,  Allis- Chalmers  Company ;  compare  Fig.  219.  Scale  1 
to  86. 
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In  Fig.  267,  view  A  shows  the  most  detail:  we  note  first  the 
fonn  of  the  valve-chambers,  seen  also  at  C;  next  the  inserted 
valve-seats,  and  the  double-seated  balanced  valves;  then  the  form 
of  the  steam-  and  exhaust-chambers,  which  are  just  like  those  on 
a  common  Corliss  cylinder,  the  steam-chamber  being  further  shown 
on  the  upper  half  of  view  B.  The  cylinder  is  very  fully  steam- 
jacketed,  on  both  barrel  and  heads;  a  peculiar  feature  is  the  location 
of  the  throttle-valve,  at  the  top  of  the  jacket.  It  is  quite  usual, 
however,  in  European  practice  with  stationary  engines,  thus  to 
pass  the  live  steam  through  the  jacket. 

This  is  the  first  engine  with  an  extended  piston-rod,  nmning 
out  through  the  back  cylinder-head,  that  has  been  shown  in  sec- 
tion. Kxtemal  views  of  a  similar  arrangement  have  been  given 
in  Figs.  216  and  221;  here  also  the  outer  end  of  the  piston-rod 
rests  upon  a  small  slide-block.  By  this  means  the  weight  of  the 
piston  is  largely  carried  by  the  rod,  and  wear  between  the  piston 
and  cylinder  is  diminished;  further,  the  piston  is  a  little  more 
positively  guided  along  the  axis  of  the  cylinder,  which  is  the  reason 
why  the  extended  rod  is  often  used  in  vertical,  especially  in  marine, 
engines. 

Some  framework  detail  is  here  shown :  the  cylinder  is  supported 
at  the  head  end  by  a  broad  footing  cast  with  it;  at  the  other  end, 
it  is  carried  by  the  frame.  The  position  of  the  exhaust-valves 
makes  it  necessary  that  the  space  beneath  the  cylinder  be  kept 
clear,  so  that  the  foimdations  must  come  up  at  the  sides  of  this 
space,  llie  frame  differs  in  detail,  but  not  greatly  in  general 
form,  from  those  already  shown. 

The  valve-gear  of  this  engine  could  not  well  be  shown  to  the 
small  scale  used  on  Fig.  267:  the  type  will  be  foimd  in  Chapter 
IX.  There  is  a  side  shaft  running  back  along  the  engine,  a?  in 
Fig.  214,  with  an  eccentric  and  a  special  mechanism  for  each 
valve,  the  steam-valves  being  released  as  in  a  Corliss  gear.  To 
bring  quietly  to  rest  a  drop-valve,  where  there  is  a  positive  stop- 
page of  metal  on  metal,  is  essentially  a  far  more  difficult  and  deli- 
cate task  than  that  of  the  Corliss  dash-pot;  nevertheless,  these 
engines  are  nm  as  fast  as  ordinary  Corliss  engines,  the  one  here 
drawn  having  a  normal  speed  of  94  R.P.M. 
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(o)  Corliss  Cylinder  with  Valves  in  Heads. — ^This  arrange- 
ment is  often  used  in  large  engines;  for  besides  diminishing  the 
clearance-volume,  it  greatly  simplifies  the  cylinder-casting.  In 
Fig.  268  is  shown  the  low-pressure  cylinder  of  a  large  vertical 
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Fig.  269.— Cylinders  of  Holly  Compound  Pumping-engine,  Fig.  227. 
Scale  1  to  24. 

engine:  it  is  of  the  same  design  as  that  in  Fig.  219,  and  the  out- 
line of  the  covering  which  gives  the  external  form  is  shown  by  the 
dotted  lines  in  the  top  view.  Tlie  valves,  both  double-ported, 
are  brought  as  close  together  as  the  piston-rod  will  allow,  in  order 
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to  get  the  long  port-openings  shown  at  B.  The  flat  surfaces  of 
the  heads  are  tied  together  by  several  vertical  webs.  In  the  steam 
and  exhaust  connecting-pipes  at  the  sides  are  included  expan- 
sion sections,  which  are  thin  phosphor-bronze  castings.    As  a 
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Fig.  ^e^.—Continued. 

minor  detail,  it  is  interesting  to  note  the  slots  made  at  D,  D,  view 
B,  in  the  ridge  which  gives  depth  of  metal  for  the  stud-bolt  holes; 
these  slots  permit  the  drainage  of  the  shallow  pockets  which  would 
otherwise  tend  to  catch  and  hold  water. 
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Another  cylinder  of  this  type,  but  with  the  steam-chambers 
formed  upon  the  cylinder-barrel  in  the  usual  manner,  is  partly 
shown  in  Fig.  271. 

(p)  Corliss  Cylinder  with  Solid  Cast  Jackets. — Fig.  269, 
besides  showing  the  cylinders  in  very  compact  arrangement,  illus- 
trates fully  the  method  of  construction  wherein  all  the  steam-jacket 
spaces  are  formed  by  coring  the  casting — of  which  Fig.  267  is 
a  .parallel  example.  As  to  the  jackets  on  the  cylinder-barrels, 
we  note  how  they  extend  all  around  the  middle  of  the  cylinder, 
but  are  kept  out  of  the  way  of  the  valve-chambers;  and  how  core- 
holes  are  formed  at  the  ends,  for  digging  out  the  sand  from  the 
casting.  At  the  front  end  of  the  large  cylinder,  the  side  jacket 
runs  iixto  that  on  the  head;  the  two  walls  being  connected  by  cross- 
struts,  as  shown  in  dotted  lines  on  D  and  by  the  detail  section  at 
F.    A  similar  arrangement  of  the  jacket  is  seen  in  Fig.  267  B. 

Of  the  hollow  cylinder-heads,  only  the  large  one  on  the  back 
end  of  the  L.P.  cylinder  has  its  inner  and  outer  walls  tied  to- 
gether with  webs:  on  all  of  them,  the  location  of  the  core-plugs 
is  shown.  They  all  receive  their  steam-supply  from  the  main 
jackets  after  the  manner  shown  at  detail  view  E.  On  this  figure, 
as  also  on  Fig.  267,  the  letter  J  is  used  to  mark  the  points  of  jacket- 
connection,  whether  for  supply  or  drainage.  While  not  necessarj^ 
it  is  better  to  plug  all  the  core-holes  in  the  ends  of  the  cylinders, 
except  those  concerned  in  the  jacket-supply,  in  order  to  diminish 
the  number  of  places  where  leakage  is  likely  to  occur. 

(q)  Cylinders  with  Liners. — ^The  decidedly  more  usual 
method  of  construction  for  steam-jacketed  cylinders,  especially  in 
large  sizes,  is  exemplified  in  Figs.  270  to  273.  When  the  cylinder- 
wall  proper  is  thus  a  separate  piece,  the  operation  of  making  the 
casting,  in  the  foundry,  is  very  considerably  simplified;  it  is 
easier  to  get  a  sound  casting  with  the  simpler  form;  and  the 
metal  for  the  liner  can  be  especially  adapted  to  resisting  wear. 
In  Fig.  270,  where  two  half-sections  at  right  angles  to  each  other 
are  swung  into  the  same  plane,  the  exhaust-valves  are  not 
shown;  but  a  special  feature  of  the  design  is  the  manner  in  which 
the  exhaust-chamber  surrounds  the  cylinder,  outside  the  jacket, 
so  that  the  latter  senes  also,  to  some  extent,  as  a  reheater.    The 
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exhaust  from  this  H.P.  cylinder  passes  from  the  outlet  at  the 
left,  through  a  connecting-piece,  to  a  similar  inlet  on  the  L.P. 
cylinder.  The  cylinder-heads  are  jacketed,  and  in  each  there  are 
two  relief-valves. 

When  a  liner  is  used  in  an  engine-cylinder,  provision  must  be 
made  for  carrying  the  steam-ports  through  or  past  it,  and  for 
holding  the  liner  in  place.    In  Fig.  270  the  ports  pass  the  ends 


Fig.  270.— Two  Half-«ections  of  Hi^h-  Fig.  271.— Corllfls  Cylinder,  gen- 
pressure  cylinder  of  French  vertical  eral  arran^ment  as  in  Fig.  268, 
Corliss  engine,  see  Engineering,  1901,  but  with  liner  and  with  steam- 
Feb.  8.     Scale  1  to  80.                                     chambers     cast    on    cylinder. 

Scale  1  to  30. 

of  the  liner;  and  between  the  ports  there  are  projecting  shoulders 
upon  the  cylinder-heads,  which  touch  the  ends  of  the  liner  and 
keep  it  in  position.  Fig.  271  gives  two  partial  sections  of  a  cylinder 
arranged  as  in  Fig.  268:  here  the  ports  are  entirely  clear  of  the 
jacket;  the  liner  is  bolted  fast  at  one  end,  and  at  the  other  end 
is  used  a  diaphragm  joint,  made  with  an  annulus  of  thin  copper 
plate  held  down  by  two  rings — a  method  used  in  Fig.  266  also. 
Of  course,  the  cylinder-heads  are  formed  around  these  jacket- 
joints,  without  clearance. 
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In  Fig.  272  we  have  a  case  where  the  ports  pass  through  the 
liner,  which  must  then  have  a  long  bearing  at  each  end;  and  we 
see  further  an  example  from  American  practice  wherein  the  steam 
passes  through  the  jacket  on  its  way  to  the  engine.  It  does  appear, 
however,  that  this  jacket  is  to  be  considered  rather  an  adjunct 
to  the  large  steam-passage  which  rises  from  the  inlet  at  the  bottom 
than  itself  the  steam-passage  as  in  Fig.  267;  and  that  most  of  the 
water  formed  by  condensation  in  the  jacket  will  have  a  chance 
to  separate  quietly  and  be  drained  away,  without  being  caught 
up  by  the  main  current  and  carried  into  the  cylinder. 


Fio.  272.— High-pressure  Cylinder  of  Corliss  Air-compressor.     Scale  1  to  24. 

The  most  usual  form  of  liner  for  a  marine  cyhnder  is  shown 
in  Fig.  273  I. :  the  flange  at  the  bottom  is  tightly  fitted  and  fast- 
ened with  sunk-head  bolts:  at  the  top  the  plain  contact  joint  is 
reinforced  by  a  soft  copper  ring,  which  is  calked  into  the  dove- 
tail groove.  In  II.,  with  the  same  general  arrangement,  a  pack- 
ing-ring is  used,  held  down  by  screws  upon  a  filling  of  hard-packed 
asbestos  in  the  recess.  At  III.  is  seen  a  special  recessed  joint  at 
the  bottom;  while  IV.  shows  the  occasionally  used  method  of 
bolting  the  liner  fast  at  the  top,  with  bolts  spaced  as  far  around 
the  cylinder  as  the  steam-port  will  permit. 

The  liner  is  forced  into  place,  usually  with  a  hydraulic  press; 
but  to  make  the  fit  close  enough  to  prevent  leakage  is  likely  to 
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bring  too  much  strain  upon  the  outer  shell,  especially  with  the 
thin  castings  usual  in  marine  construction — hence  the  employ- 
ment of  special  devices  for  making  the  joints  tight.  For  a  fixed 
joint,  as  at  the  bottom  in  Fig.  273  I.,  a  coating  of  red-lead  paste 


Fig.  278. — Marine  Cylinders  with  Liners. 
I.  French  Battleship,  III.  French  Torpedo-boat,  both  by  Schneider  &  Co., 
see  Engiiteering,  1898  II;  II.  and  lY.  U.  6.  Cruisers.     Scale  1  to  24. 

between  the  surfaces  is  very  effective;  but  where  variable  expan- 
sion of  the  two  shells  causes  relative  movement  this  can  do  little 
good.  The  successive  cylindrical  fits  are,  of  course,  made  larger 
in  diameter  toward  the  top,  so  that  the  liner  can  be  dropped  almost 
into  place,  and  need  be  forced  home  through  only  a  short  distance. 
The  contact  band  at  mid-length  is  usually  continuous,  except 
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where  grooves  are  cut  through  the  ribs  after  machining,  to  let 
the  steam  pass. 

Of  other  important  features  shown  in  Fig.  273,  the  first  is  the 
cellular  form  of  the  heads  in  I.  and  III.,  which  are  made  with* 
double  walls  fully  braced,  as  much  for  strength  as  for  the  sake 
of  the  steam- jacketing.  In  I.,  further,  we  see  the  cylinder  cut 
off  short  at  the  top,  and  the  steam-port  formed  partly  in  the 
head;  this  simplifies  the  main  casting  but  gives  a  non-circular 
bolting-flange.  At  III.  is  shown  the  method  of  draining  the  top 
head  when  used  as  a  steam-jacket:  since  the  drain-pipe  serves 
as  supply  to  the  lower  head,  condensation  in  the  latter  makes 
effective  the  siphon,  which  draws  out  any  water  that  may  collect 
at  the  lowest  part  of  the  upper  head. 

Sometimes  stationary  or  locomotive  cylinders  are  fitted  with 
liners  in  the  form  of  a  bushing  with  a  continuous  fit,  an  example 
appearing  in  Fig.  438.  This  permits  the  use  of  a  hard,  close-grained 
iron  for  the  rubbing-surface.  The  liner  may  be  a  part  of  the  orig- 
inal design,  may  be  added  where  the  main  casting  has  shown 
blow-holes  or  sponginess,  or  may  be  used  to  reduce  the  diameter 
after  extensive  re-boring.  Always  in  stationary  practice,  and 
usually  in  marine,  the  jacket-liner  is  of  cast  iron;  but  sometimes 
forged  steel  is  used,  especially  in  naval  engines  where  the  saving  of 
weight  is  highly  important. 

(r)  Strength  of  the  Cylinder. — Of  the  various  forces  which 
act  upon  the  cylinder,  only  the  internal  steam-pressure  produces 
stresses  which  can  be  calculated;  but  the  other,  imknowable 
force-actions  may  have  a  large  effect,  so  that  the  designing  of 
the  cylinder  is  very  much  a  matter  of  experience  and  good  judg- 
ment. To  get  an  idea  of  the  effect  of  steam-pressure  alone,  we 
apply  to  several  of  the  examples  illustrated  the  formula  for  stress 
tending  to  cause  longitudinal  rupture,  namely, 

PD  =  2St; (301) 

where  P= steam-pressure,  in  pounds  per  square  inch; 
D= diameter  of  cylinder,  in  inches; 
<= thickness  of  metal,  in  inches; 
S  =  tensile  stress,  pounds  per  square  inch. 
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Results  got  by  this  formula  are  given  in  Table  43  A,  where  the 
stated  or  assumed  highest  probable  boiler-pressure  is  used.  The 
first  cylinder  is  exceptionally  thick,  other  designers  using  about 
1"  for  this  size.  It  appears,  then,  that  in  stationary  engines  S  is 
likely  to  be  somewhere  in  the  neighborhood  of  1000  lbs.,  while 
for  transportation  service  it  ranges  from  1500  to  1700.  In  the 
last  two  examples,  a  calculation  thus  based  on  the  least  thick- 
ness is  not  at  all  a  true  test  of  strength,  the  casting  being  strongly 
reinforced  by  ribs  and  flanges. 

Table  43  A.    Stress  in  Cylinder-walls 
DUE  TO  Steam-pressure. 


Fig. 

Type  of  Engine. 

Pressure. 

Diameter. 

Thickness. 

Stress. 

251 

High-speed 

100 
100 
150 
150 
200 
180 
200 
210 
210 

15'' 

26'' 

32" 

42" 

20" 

17" 

14.5" 

44.5" 

16.7" 

1}" 
IJ" 
2" 
2" 

li" 
1" 

r 

1.57" 
.63" 

600 

262 

268  (H)* 
271  (H) 
247 

Corliss,  simple 

' '       compound . . . 

Locomotive 

1040 
1200 
1575 
1600 

245  (H) 
259  (H) 
273  I.  (H) 
273  III.  (H) 

Marine 

1530 

Naval 

1660 

1 1 

2970 

ft 

3300 

Seaton  gives  for  the  minimum   thickness  of  marine-engine 
cylinders 


,     PD  ^     PD 

1=^7:7^7^  to. 


3000      3600 ' 


(302) 


or  S  from  1500  to  1800,  the  latter  figure  being  for  the  highest  grade 
of  iron. 

While  the  body  of  the  cylinder  is  of  a  self-sustaining  form, 
other  parts,  as  for  example  the  walls  of  the  steam-passages,  need 
support.  In  marine  cylinders  especially,  free  use  is  made  of 
cross-webs:  and  in  some  cases  even  stay-bolts  or  stay-rods,  ana- 
logous to  those  used  in  boilers,  are  put  in  to  tie  the  port-walls 
together  at  critical  points — see  Figs.  411  and  414. 

*  The  symbol  (H)  means  that  the  high-pressure  cylinder  of  the  engine, 
whether  shown  in  the  drawing  or  not,  is  the  one  referred  to. 
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Other  stresses  besides  those  due  to  pressure  may  be  caused  by 
irregular  contraction  in  the  original  cooling  of  the  casting,  by 
unequal  temperatures  of  the  different  parts  under  working  con- 
ditions, by  external  forces  due  to  the  manner  of  support  or  of 
connection  to  the  framework,  and  especially  by  the  accidental 
presence  of  water.  The  most  frequent  cause  of  breakage  of  the 
cylinder  is  the  effort  of  the  piston  to  compress  into  the  clearance 
space  a  body  of  water  larger  than  the  volume  of  that  space.  Pre- 
ventives are,  a  well-drained  separator  in  the  steam-pipe,  liberal 
drains  and  relief- valves  on  the  cylinder,  and,  with  a  jet-condenser,  a 
vacuum-breaker  which  will  admit  air  if  the  condenser  accidentally 
fills  with  water  up  to  a  certain  level  and  thereby  keep  the  w^ater 
from  ever  being  sucked  up  into  the  cylinder. 

An  important  consideration  is  that  a  fairly  thick  cylinder  can 
be  molded  with  less  trouble  and  cast  with  a  better  expectation 
of  soundness  of  metal  than  one  that  is  relatively  much  thinner. 
Take  Fig.  273  I.  as  an  example:  it  is  very  fully  ribbed  and  braced, 
which  makes  the  pattern  expensive;  there  will  be  many  cores  in 
the  mold,  and  they  must  be  very  accurately  set  and  firmly  held; 
and  a  high  degree  of  skill  is  needed  to  get  a  soimd  casting.  For  all 
these  reasons,  the  saving  of  weight  in  marine  cylinders  is  far  from 
representing  a  saving  in  cost.  This  requirement  of  a  good  thick- 
ness of  metal,  not  only  for  constructive  reasons,  but  also  to  permit 
re-boring  of  the  cylinder  when  worn,  is  embodied  in  empirical 
formulas  like  that  of  Unwin, 

i=.02Z)-f0.5  to  .02Z)+0.75  ins.;     .     .     .     (303) 

where  the  effect  of  the  constant  term  is  to  make  a  small  cylinder 
relatively  thicker  than  a  large  one. 

In  the  matter  of  external  forces,  the  cylinder  that  is  supported 
wholly  or  chiefly  by  being  bolted  to  a  full  circular  seating  on  the 
frame  is  least  likely  to  be  unduly  strained.  That  is,  in  the  usual 
Corliss  type  of  construction,  where  the  relatively  large  weight  of 
the  cylinder  is  carried  by  the  foundation,  there  is  a  possibility 
that  irregular  settling  of  the  latter  may  cause  severe  stress;  while 
the  overhanging  cylinder  of  the  small  high-speed  engine,  once 
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made  strong  enough  to  cany  its  own  weight,  is  not  liable  to  an 
increase  in  this  load.  In  vertical  engines,  the  complete  frame  of 
the  stationary  type  carries  the  cyUnder  in  a  more  favorable  manner 
than  does  the  marine  frame.  Large  low-pressure  cylinders,  rela- 
tively thin,  are  not  at  all  rigid,  so  that  even  their  own  weight  can 
distort  them;  thus  the  larger  cylinders  for  a  marine  engine  must 
be  bored  with  the  axis  vertical  if  they  are  to  be  truly  round  when 
mounted  in  place  upon  the  engine. 

It  is  not  the  purpose  of  this  book  to  go  into  the  details  of  the 
design  of  the  machine  for  strength:  except  as  an  idea  of  propor- 
tion may  be  got  from  the  numerous  dra\\dngs  given,  the  reader  is 
referred  to  works  on  machine  design  for  rules  covering  these 
matters. 

(s)  Steam-tight  Joints. — ^An  important  detail  of  the  flanged 
cyUnder-head  joint,  shown  with  most  emphasis  on  Figs.  247  and 
256,  is  the  formation  of  a  narrow  contact-ring  inside  of  the  bolts. 
The  rest  of  the  flange-surface  is  cut  back  a  httle,  or  relieved,  so 
that  the  full  grip  of  the  bolts  is  concentrated  on  this  narrow  strip. 
This  surface  is  finished  true  and  flat,  and  constitutes  a  "ground" 
joint,  with  which  no  packing  need  be  used.  When  packing  is 
found  necessary,  a  gasket  of  heavy  paper  is  often  enough,  with 
good  surfaces;  sometimes  metallic  gaskets,  made  of  lead  or  soft 
copper,  are  used;  but  rubber  sheet-packing,  such  as  is  placed 
between  pipe-flanges,  ought  not  to  be  required  to  make  any  cyUnder- 
joint  tight. 

Any  arrangement  other  than  the  firm  contact  of  metal  on 
metal  is  especially  out  of  place  when  the  flange  of  the  front 
cylinder-head  comes  between  the  cylinder  and  the  frame,  as  in 
Figs.  241,  250,  251,  etc.  The  double  requirement  of  making  a 
tight  joint  and  of  holding  the  cylinder  in  true  alignment  is  some- 
what more  severe  upon  the  front  bolts  than  is  that  of  merely 
holding  the  cylinder-head — this  depending  very  much,  however, 
upon  how  truly  and  strongly  the  cylinder  is  supported — and  quite 
often  these  bolts  are  made  a  little  heavier  than  those  at  the  back. 
In  Figs.  254,  260,  263,  267,  etc.,  are  seen  the  examples  in  which  the 
front  head  is  cast  solid  with  the  cylinder;  nearly  always,  with 
this  arrangement,  there  is  an  enlarged  opening  through  which  a 
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heavy  boring-bar  can  pass,  and  which  is  then  closed  by  the  inserted 
stuffing-box.  In  Fig.  253  the  front  head  is  put  into  place  through 
the  cylinder,  and  is  held  fast  by  a  few  light  stud-bolts,  which  are 
helped  by  the  steam-pressure.  The  narrow  joint  surface,  at  both 
ends,  is  packed  by  a  ring  of  rectangular  copper  wire,  forced  into 
a  groove  in  the  face  of  the  ledge  on  the  head,  and  faced  off  so  as  to 
project  about  A  in. 

Bolts. — It  will  be  noted  that  stud-bolts  seem  to  be  used  alto- 
gether; rarely,  if  ever,  are  the  flanges  made  wide  enough  to  give 
room  for  through-bolts,  nor  is  it  desirable  to  give  the  bolt-circle 
the  needlessly  large  diameter  that  this  would  require.  The  stress 
in  these  bolts  is  a  resultant  of  the  original  tension  due  to  the  screw- 
ing up  of  the  nuts  and  of  that  due  to  steam-pressure.  WTien  the 
bolts  are  screwed  tight,  they  are  stretched  (within  the  elastic 
limit,  of  course)  and  the  metal  of  the  contact  surfaces  is  compressed: 
when  the  steam-pressure  comes  on  the  head,  it  stretches  the  bolts 
still  farther,  and  in  so  doing  eases  up  somewhat  the  pressure  in 
the  joint.  The  total  tension  in  the  bolts  is,  therefore,  not  the 
original  tension  plus  the  steam-pressure,  but  is  less  than  this  sum. 
It  is  usual,  however,  to  base  the  effective  sectional  area  of  the 
bolts  upon  the  total  steam-pressure  on  the  head,  using  a  low  work- 
ing stress  in  order  to  allow  for  the  rather  uncertain  initial  tension. 
This  working  stress  is  usually  from  3000  to  4000  lbs.  per  sq.  in.; 
and  the  distance  between  the  bolts,  which  determines  their  number, 
varies  from  4"  to  6",  depending  upon  the  thickness  and  stiffness  of 
the  flange. 

The  considerations  just  stated  apply  also  to  the  joints  under 
the  various  valve-chest  covers.  These  pieces  must,  of  course,  be 
designed  so  as  to  have  the  requisite  strength  and  stiffness  to  resist 
the  pressure  to  which  they  are  subjected. 

A  minor  detail  of  considerable  usefulness  is  the  jack-,  or  lifting- 
screws,  for  starting  cylinder-heads  and  other  bolted  covers  when 
taking  them  off.  At  the  ends  of  a  diameter  two  holes  are  tapped 
in  the  flange,  between  the  bolt-holes;  and  tap-bolts  nm  through 
these  against  the  cylinder-flange  loosen  the  head  very  easily, 
after  which  the  same  holes  can  be  used  for  the  lifting-handles  or 
eve-bolts. 
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(0  Cylinder  Proportions. — ^The  ratio  of  diameter  to  stroke 
varies  with  the  different  classes  of  engines.  In  the  short-stroke, 
high-speed  type  it  is  usually  a  little  less  than  one,  but  is  occasionally 
greater;  in  simple  Corliss  engines  the  ratio  is  generally  from  0.5 
to  0.6.  Multiple-expansion  engines  begin  with  some  such  ratio 
as  this,  but  often  get  it  well  up  toward  2.0  in  the  low-pressure 
cylinder.  The  ratio  of  diameter  to  length  (between  heads)  would 
give  a  better  idea  of  the  real  form  of  the  cylinder;  but  this  would 
involve  the  thickness  of  the  piston,  which  varies  quite  widely. 

The  piston-clearance,  or  the  distance  between  cylinder-head 
and  piston  when  the  latter  is  at  the  end  of  the  stroke,  depends 
upon  the  size  of  the  engine  and  upon  the  number  of  working  joints, 
subject  to  wear  and  adjustment,  between  the  cylinder  and  the 
shaft-bearing.  Thus  one  rule  is,  for  small  engines  start  with  J  in. 
and  add  A  for  each  joint;  for  large  engines,  change  these  values  to 
}  and  J.  If  the  pistons  and  heads  are  faced  off  and  if  the  joints  are 
so  arranged  that  their  take-ups  neutralize  each  other  (see  Figs. 
302,  304),  much  smaller  clearance-distances  may  be  used. 

(u)  Design  op  the  Steam-passages. — This  is  a  simple  matter 
that  can  very  well  be  taken  up  here,  without  waiting  for  the  close 
study  of  the  form  and  action  of  the  valve.  The  determining 
factor  is  the  permissible  velocity  of  the  steam-current.  For  a 
given  rate  of  flow,  the  area  of  cross-section  must  be  such  that  this 
velocity  will  not  be  too  high.  Rate  of  flow  and  rate  of  piston- 
displacement  have  the  same  factors,  area  and  velocity;  and  if 
the  steam  is  to  fill  up  closely  the  space  behind  the  moving  piston, 
these  two  volume-rates  must  be  equal. 

It  is  customary  to  proportion  the  steam-passages  so  that  the 
maximum  velocity  of  flow  shall  not  be  greater  than  from  160  to 
240  ft.  per  sec. ;  this  maximum  occurring  when  the  piston  is  near 
the  middle  of  its  stroke,  and  therefore  seldom  existing,  for  the 
entering  steam,  in  engines  where  the  normal  cut-off  is  early.  During 
exhaust,  however,  this  maximum  velocity  is  always  reached.  It 
may  appear  that  the  exhaust  steam  will  have  to  flow  much  more 
rapidly  than  the  live  steam  because  its  specific  volume  is  so  much 
greater;  but  we  must  remember  that  a  great  part  of  the  steam 
escapes  while  the  piston  is  moving  slowly,  near  the  end  of  the 
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stroke;  and  thereafter  the  steam  of  low  pressure  has  merely  to  get 
out  of  the  way  as  the  piston  returns. 

Referring  to  §  26  (b),  we  see  that  the  pressure-drop  required 
to  produce  the  above-named  velocities,  through  an  ideal  orifice, 
would  be  very  small — far  less  than  the  loss  between  the  steam- 
chest  and  cylinder  usually  observed  in  engines.  But  other  resist- 
ances have  a  greater  effect  than  does  the  inertia  of  the  steam: 
and  this  range  of  steam- velocity  has  been  found  by  experience  to 
embody  a  good  compromise  between  excessive  pressure-drop  on 
one  hand  and  excessive  clearance- volume  on  the  other. 

Comparing  the  maximum  velocity  of  the  piston  (essentially 
the  same  as  the  linear  velocity  of  the  crank-pin)  with  the  mean 
rate  of  travel,  we  find  the  ratio  to  be  1.6  to  1 ;  with  infinite  connect- 
ing-rod the  ratio  is  ;r  to  2  or  1.57  to  1;  and  the  effect  of  the  actual 
rod  is  closely  enough  accounted  for  by  using  1.6.  With  this  ratio, 
a  maximum  velocity  of  160  to  240  corresponds  to  a  mean  of  100  to 
150  ft.  per  sec,  or  of  6000  to  9000  ft.  per  min.  The  last  is  du-ectly 
comparable  with  the  mean  piston  speed  of  600  to  1200  ft.  per  min. : 
and  the  section  of  the  steam-passage  ranges,  in  practice,  from 
one-tenth  to  one-sixth  of  the  area  of  the  piston,  with  one-eighth  as 
a  good  average  value. 

After  the  velocity,  the  next  consideration  is  the  desirability  of 
keeping  down  the  amount  of  clearance-space;  this  exerts  a  strong 
influence  in  the  direction  of  making  the  ports  short  and  direct 
by  the  use  of  separate  valves  near  the  ends  of  the  cylinder.  WTiere 
there  are  separate  valves  for  admission  and  exhaust,  and  the 
prevailing  cut-off  is  early,  it  is  customary  to  make  the  exhaust- 
port  larger  than  the  other,  as  appears  in  Figs.  262,  264,  269,  etc. 


§  44.  The  Reciprocating  Parts  of  the  Engine. 

(a)  The  Piston. — ^Before  reviewing  the  pistons  which  have 
appeared  in  the  cylinder-drawings  just  given,  and  before  discussing 
the  more  detailed  drawings  now  to  be  presented,  it  may  be  well 
to  re-state  the  conditions  which  this  piece  must  meet,  as  already 
set  forth  in  §  2  (c) : 
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First,  the  piston  must  have  strength  to  resist  the  steam- 
pressure;  but  it  must  be  no  heavier  than  necessary,  lest  there  be 
excessive  inertia  of  the  moving  parts  and  undue  wear  of  the 
cylinder. 

Second,  the  piston  must  have  a  broad  rim  or  working  face, 
especially  in  horizontal  engines,  to  furnish  plenty  of  rubbing 
surface  and  diminish  wear. 

Third,  tightness  against  the  leakage  of  steam  must  be  secured, 
by  the  use  of  packing-rings.  The  solid  piston-body  is  a  little 
smaller  than  the  cylinder-bore,  and  the  gap  between  them  is 
closed  by  the  packing. 

(b)  Solid  Box  Pistons. — Sectional  \4ews  of  the  plain  hollow 
cast-iron  piston,  all  in  one  piece,  have  been  given  in  Figs.  6,  247, 
251,  254,  256,  and  267,  so  that  no  further  illustration  of  this  type 
is  needed.  For  diameters  less  than  24  inches  it  is  overwhelmingly 
prevalent;  and  it  is  often  used  for  larger  diameters,  up  to  48 
inches.  An  absolutely  simple  example  is  given  in  Fig.  254,  where 
the  hub  is  cylindrical,  the  two  disk-faces  are  flat  and  of  uniform 
thickness,  a  number  of  radial  stiffening-ribs  are  used,  and  there 
are  two  plain  packing-rings.  In  Fig.  247  the  design  is  closely 
similar  except  that  the  faces  are  made  very  slightly  conical,  so 
as  to  taper  the  metal  toward  the  rim,  and  the  nut  is  partly  sunk 
into  the  hub.  In  Fig.  251  the  piston  is  unusually  broad,  the  rim 
is  reduced  in  thickness  between  the  slots,  and  no  radial  ribs  are 
used.  The  noteworthy  feature  in  Fig.  267  is  the  close  accommoda- 
tion of  the  outer  profile  of  the  hub-section  to  the  shape  of  the  hole 
for  the  rod.  Fig.  6  shows  a  very  light  piston,  with  a  special 
method  of  securing  the  rod  and  a  large  number  of  very  light  packing- 
rings:  this  piston  is  made  with  the  metal  thin  not  merely  to  save 
weight,  but  also  with  the  idea  that  the  piston,  easily  replaced,  will 
be  the  part  most  likely  to  break  in  case  of  a  smash-up  due  to  the 
accidental  presence  of  water  in  the  cylinder.  Finally,  in  Fig.  270 
we  have  a  box  piston  made  slightly  conical,  which  is  a  step  in  the 
direction  of  marine  practice. 

Comparing  Figs.  247  and  254  with  6  and  267,  we  distinguish 
two  types  of  ribs:  the  first  comes  out  to  the  rim,  with  a  hole  near 
the  middle  of  the  rib;  the  other  stops  short  of  the  rim.    All  these 
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pistons  come  from  the  foundry  with  a  number  of  core-holes  in  one 
face,  usually  one  hole  to  each  of  the  pockets  formed  by  the  ribs. 
These  holes  are  tapped  and  plugged  before  the  piston  is  finished  up. 
(c)  A  Group  op  Locomotive  Pistons  is  given  in  Fig.  274; 
this  is  a  favorable  field  from  which  to  select  examples,  because 
there  is  a  wide  variation  in  type  of  construction  with  moderate 
size.  Types  I.,  II.,  and  III.  are  from  European  practice,  where 
the  box  piston  is  less  usual  than  in  American  locomotives.  The 
flat  central-disk  design.  No.  I.,  is  an  often  used  English  type; 
the  side-disk  piston  at  II.  is  drawn  accurately  to  scale  from  a 
standard  German  locomotive;  while  III.  shows  the  cone-disk  as. 
adapted  from  the  marine  engine.  A  true  marine  piston  would 
have  the  disk  come  to  the  other  side  of  the  rim,  as  \^ill  be  seen  by 


a     ^ 


Fig.  274.— Locomotive  Pistons  of  the  Solid-disk  Type.    Scale  1  to  12. 

turning  this  drawing  into  the  vertical-engine  position,  and  then 
comparing  it  with  Fig.  260  or  Fig.  279.  A  still  further  departure 
from  the  marine  type  is  seen  in  Fig.  256,  where  the  larger  piston 
has  a  Z-shaped  section. 

As  drawn.  Fig.  274 1,  is  heavy  enough  to  be  made  of  cast  iron; 
but  II.  and  III.,  as  also  the  L. P.  piston  in  P'ig.  256,  are  cast-steel 
patterns.  American  designers  have  been  chary  of  bringing  cast 
steel  into  rubbing  contact  with  cast  iron,  believing  that  there  is 
a  great  Uability  to  excessive  wear  and  "cutting''  of  the  surfaces. 
In  Fig.  256,  for  instance,  a  brass  facing  is  cast  upon  the  rim  of  the 
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piston,  covering  the  whole  space  between  the  packing-rings  (see 
also  Fig.  280  III.) :  and  in  a  similar  way,  a  broad,  thin  cast-iron 
ring,  made  in  halves,  has  been  riveted  upon  the  rim  of  a  piston  of 
this  form.  In  Fig.  274 IV.  is  seen  an  arrangement  which  combines 
the  steel  cone-disk  for  strength  with  a  cast-iron  rim  for  wear. 
This  is  a  standard  design  on  the  Pennsylvania  Railroad,  and  is 
made  in  several  diameters  with  a  rim  of  the  same  width.  The 
latter  is  broadened  at  the  bottom  over  120  degrees  of  its  circum- 
ference, so  as  to  have  more  weight-carrying  surface.  The  rim  is 
made  .01  in.  smaller  than  the  disk  at  the  fit  and  shrunk  on,  and 
the  screws  are  riveted  as  shown.  An  advantage  of  this  separate 
construction  is,  that  when  a  cylinder  is  re-bored,  only  the  cast- 
iron  ring,  and  not  the  more  expensive  steel  casting,  need  be.  renewed. 
It  is  to  be  noted  that  both  the  all-steel  designs,  at  III.  and  II., 
have  the  extended  piston-rod,  which  helps  to  carry  the  piston, 
and  also  steadies  and  guides  it  so  as  to  diminish  wear.. 


Fig.  275.— Extra  Light  Hollow  Pistons  for  Locomotives.    Scale  1  to  13. 

The  drawings  in  Fig.  275  show  special  construction  of  the 
box  piston.  I.  is  a  standard  Baldwin  Locomotive  Works  design 
for  the  low-pressure  cylinder  of  compound  engines:  as  here  shown, 
extra  light,  it  is  made  of  malleable  iron  (decarbonized  casting); 
for  plain  cast  iron,  the  cores  are  made  smaller,  so  as  to  increase 
the  thickness  of  metal  by  about  60  per  cent.    In  the  rim  of  this 
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piston  are  several  small  grooves  filled   with  babbitt-metal,   to 
make  a  better  rubbing  surface. 

Drawings  II.  and  III.  show  cast-steel  box-pistons.  In  general, 
a  hollow  steel  casting  must  have  larger  openings  for  "venting" 
and  for  removing  the  cores  than  are  necessary  \^ath  iron.  In  II., 
then,  the  body  and  rim  are  made  separate,  and  put  together  with 
a  screwed  and  riveted  joint.  In  III.  the  rim  is  a  cast-iron  ring, 
held  in  place  by  a  narrow  steel  follower-ring,  which  may  be  riveted 
as  here,  or  bolted  fast.  This  design  resembles  Fig.  274 IV.  in  the 
ease  of  renewing  the  rim. 


Fig.  276.— Built-up  Piston,  for  Corllfls  Engine  in  Fig.  210.    Scale  1  to  12. 

(d)  Built-up  Box  Pistons. — A  type  of  piston  which  has 
long  been  used  in  engines  of  the  Corliss  class  is  well  represented 
by  Fig.  276.  In  this  there  is  first  the  ribbed  body  or  "spider"  1, 
into  which  the  rod  is  securely  fastened ;  then  the  rim  or  "bull-ring" 
or  "junk-ring,"  which  carries  the  packing-ring;  last,  the  follower- 
plate  4,  held  fast  by  six  tap-bolts.  The  bull-ring  forms  the  working 
surface  of  the  piston,  and  can  be  adjusted  by  set-screws  so  as  to 
make  the  axis  of  the  piston  agree  with  that  of  the  cylinder.  It  is 
made  in  two  parts,  2  and  3,  partly  because  the  packing-ring  is 
rather  too  stiff  to  be  "sprung"  over  the  piston  in  order  to  get  it 
into  its  grooves,  partly  because  access  can  now  be  had  to  the  packing- 
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ring  without  withdrawing  the  piston  from  the  cylinder-bore. 
The  rod  has  a  taper  fit  against  a  collar,  is  held  by  a  cotter,  and 
is  riveted  at  the  end,  over  a  heavy  washer:  note  how  the  slot  for 
the  key  cuts  through  the  rim  of  the  piston-body  at  both  sides, 
making  necessary  a  special  arrangement  of  the  set-screws  on  this 
diameter.  The  packing-ring  is  of  the  tapered  form,  and  the 
''keeper"  which  joins  its  ends  is  more  fully  shown  in  Fig.  280 IX. 


Fig.  277.--Pi8ton  for  26"  by  48"  Corliss  Engine,  Figs.  218,  241. 
Scale  1  to  12. 


In  Figs.  277  and  278  are  given  further  examples  of  the  type 
just  described,  which  sufficiently  represent  the  possible  variations 
in  form.  Fig.  277  has  the  bull-ring  all  in  one  piece,  with  set- 
screw  adjustment,  and  only  an  annular  follower-plate.  The  pack- 
ing-ring is  made  in  segments  and  pushed  out  by  a  spring  under 
each  of  the  keepers  which  form  the  joints.  In  Fig.  278  the  follower 
forms  half  of  the  bull-ring,  the  two  halves  fitting  together  tightly 
with  a  recessed  joint,  but  having  considerable  play  on  the  piston 
for  adjustment.  The  latter  is  determined  by  the  two  little  blocks 
marked  4  on  view  A:  of  the  seven  slots  in  the  ring  2,  only  two  are 
thus  filled,  at  the  bottom  where  the  blocks  will  carry  the  weight  of 
the  piston;  and  the  screwing-up  of  the  follower-bolts  grips  the 
whole  structure  tightly  together.    Here  a  continuous  packing- 
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ring  (with  one  joint)  is  used,  and  its  elasticity  is  supplemented 
by  flat  springs  as  shown  at  C. 

The  purpose  of  this  latter  design  is  partly  to  make  the  packing- 
rings  removable  without  disconnecting  the  rod  from  the  cross- 
head  or  disturbing  the  alignment  of  the  piston  in  the  cylinder. 
For  this  purpose,  the  follower,  as  also  the  packing-ring  and  even 
the  little  blocks  4,  4,  have  tapped  holes  in  them  for  the  insertion  of 
eye-bolt  handles.  Always  the  piston  is  provided  with  this  means 
of  getting  a  good  hold  when  taking  it  out  of  the  cylinder — ^as  shown, 
for  instance,  in  Fig.  6. 


FiQ.  278. — Reynolds-Corliss  Piston,  AUis-Chalmers  Company. 
Scale  I  to  12. 

It  is  important,  as  a  matter  of  practical  convenience,  that  the 
follower-plate  be  easily  removable,  or  that  the  bolts  shall  not 
rust  fast.  Steel  tap-bolts  in  cast  iron,  or  steel  nuts  on  studs,  will  be 
satisfactory  if  the  joint  is  opened  at  short  enough  intervals.  Fre- 
quently, however,  a  screw-joint  with  bronze  on  steel  is  secured, 
either  by  the  use  of  bronze  nuts  on  stud-bolts,  or  by  screwing 
tap-bolts  into  blocks  of  bronze  Avhich  are  let  in  from  the  side  into 
recesses  in  the  piston-body.  Note  how  the  studs  are  secured  by 
pins  in  Fig.  278,  so  that  they  will  not  come  out  with  the  nuts. 

(e)  Solid-disk  Pistons. — Simple  cone-disk  pistons  of  the 
marine  type  are  shown  in  Fig.  260.  Usually  the  single-disk  pistons, 
when  used  in  a  vertical  engine,  and  esj:)ocially  with   an  extended 
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piston-rod,  has  a  much  narrower  rim  than  a  piston  of  the  same 
diameter  would  have  in  a  horizontal  engine.  An  extreme  case  is 
seen  in  Fig.  279 1.,  where  the  packing-rings,  self-elastic,  form  the 


Fig.  279.— Pistons  of  the  Marine  Type. 
L  Vertical  compound  Buckeye  engine,  27"  stroke,  scale  1  to  16;  II.  Pistons 
from  one  of  four  engines  on  the  steamer  "Kaiser  Wilhelm  II ,"  with 
70.8"  stroke,  scale  1  to  36:  III.  Forged  steel  piston,  about  24"  in  diam- 
eter, for  torpedo-boat;  IV.,  V.  Saving  weight  in  tlie  rim;  VI.  Special 
form  of  rod  connection. 

whole  surface  of  the  rim.     These  pistons  are  steel  castings,  with 
follower  and  spring-rings  of  cast  iron. 

The  group  of  pistons  in  Fig.  279  II.  belongs  to  a  large  three- 
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crank  quadruple-expansion  engine,  with  the  high-pressure  cylinder 
placed  tandem  above  the  first  intermediate.  The  smaller  pistons 
are  made  thick  and  heavy  as  a  part  of  the  scheme  of  balancing  the 
engine.  Note  the  arrangement  of  the  combined  bull-rings  and 
followers,  whereby  all  the  packing-rings  can  be  removed  without 
disturbing  the  pistons.  On  the  first  three  pistons,  plain  snap-rings 
are  used;  the  low-pressure  has  a  flexible  (segmental)  ring,  backed 
by  springs,  of  the  type  shown  in  Fig.  280  XI. 

In  Fig.  265  is  seen  a  piston  which  may  be  considered  a  develop- 
ment from  the  marine  type,  being  made  of  two  cone-disks  combined 
into  the  hollow,  box  form  and  held -together  by  the  nut  on  the 
piston-rod.  This  method  of  making  a  hollow  piston  in  two  parts 
is  much  better,  with  cast  steel,  than  to  try  to  core  it  out.  Another 
example  of  the  same  general  type  of  construction  is  partly  shown 
in  Fig.  281111. 

The  most  usual  type  of  piston  in  large  stationary  engines  is 
probably  the  box  form,  with  parallel  faces  and  made  of  cast  iron  ; 
the  rim  arrangement  being  of  the  type  in  Fig.  278,  modified  toward 
the  simple  device  used  on  Fig.  279  II. 

The  extreme  of  lightness  is  seen  in  the  forged-steel  piston  at  Fig. 
279 III.;  and  rim-sections  without  any  dead  weight,  for  cast 
pistons,  are  shown  at  IV.  and  V.,  both  from  naval  engines.  Finally, 
at  VI.,  is  illustrated  a  peculiar  method  of  fastening  piston  and  rod 
together,  which  has  been  used  in  small  marine  engines,  but  which 
does  not  seem  to  have  any  advantage  over  the  usual  arrangement. 
The  piston  at  III.,  instead  of  being  tapped  for  lifting-bolts,  has  the 
hub  threaded  on  the  outside,  so  that  a  lifting-ring  can  be  screwed 
upon  it. 

(/)  Strength  of  the  Piston. — ^Taking  this  piece  in  its  very 
simplest  form — the  single-disk  type — it  is  possible  to  make  a 
reasonably  close  calculation  of  the  stress  due  to  a  certain  steam- 
pressure:  but  even  here  there  must  be  simplifying  assumptions 
which  cause  rational  methods  to  be  only  approximate.  With  the 
more  complex,  hollow  pistons,  only  a  rough  guess  at  the  strength 
can  be  made  by  calculation;  so  that  empirical  data,  or  the  following 
of  established  good  practice,  is  the  chief  resource  of  the  designer. 
This  is  one  of  the  numerous  cases  where  each  machine  that  is 
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built  is,  in  a  sense,  an  experiment;  therefore  the  development  of 
good  design  has  been  largely  a  matter  of  evolution. 

As  always  in  the  designing  of  a  casting,  there  is  here  plenty  of 
room  for  the  exercise  of  good  judgment.  Thus  it  would  be  dis- 
tinctly bad  engineering  to  put  a  circle  of  core-holes  in  the  face  and 
of  holes  through  the  ribs  at  the  same  radial  distance  from  the 
axis,  especially  if  this  radius  is  relatively  so  short  that  a  large 
fraction  of  the  metal  in  the  face  is  removed.  In  this  connection 
may  be  mentioned  the  occasional  use  of  a  sort  of  stay-bolt,  made 
up  of  two  core-plugs  united  by  a  shank,  to  tie  together  the  faces 
of  a  hollow  piston. 

In  rare  cases  the  transverse  face  of  the  piston  is  not  a  surface 
of  revolution:  examples  are  described  or  illustrated  in  Power  for 
Nov.  1899  and  Feb.  1905,  and  in  Engineering  for  Dec.  11,  1903. 
The  first  is  a  Corliss  engine  with  the  valves  in  the  heads  and  pro- 
jections upon  the  cylinder  which  fill  the  port-spaces;  the  second 
is  a  large  blowing-engine,  with  piston- valves  lying  across  the  heads 
in  the  air-cylinder,  and  the  piston  conformed  to  the  outer  shape 
of  the  valve-casings.  In  such  a  design  it  is  absolutely  essential 
that  the  piston  be  secured  against  ever  getting  loose  and  turning 
on  its  axis. 

{g)  The  Piston-rod. — ^The  chief  point  of  interest  in  the  con- 
struction of  this  simple  piece  is  the  manner  of  securing  it  to  the 
piston  and  to  the  cross-head.  At  the  piston,  the  most  common 
fastening  consists  of  a  cone-fit  and  a  nut.  With  a  long  taper,  of 
1  in  20  to  1  in  40,  the  piston  is  fitted  against  a  shoulder,  to  Umit 
the  wedge-action  of  the  rod,  which  would  otherwise  be  likely  to 
burst  the  piston.  This  shoulder  may  be  formed  by  a  reduction 
in  diameter,  as  in  Figs.  254,  256,  and  277;  but  more  usually,  and 
better,  there  is  a  collar  on  the  rod,  as  in  Figs.  247,  251,  274 IV., 
275  I.,  and  276.  With  a  shorter  cone  the  shoulder  can  very  well 
be  omitted,  as  in  Figs.  267,  270,  2741.,  etc.;  although  examples 
of  a  short  cone  in  combination  with  a  collar  are  given  in  Figs.  260, 
265,  and  279 II.  In  Figs.  6  and  281  III.  are  seen  related  designs 
with  cone-fit  and  screw,  all  within  the  piston-hub.  Parallel 
or  cylindrical  fits  are  sometimes  used,  as  illustrated  in  Figs.  274 
III.,  and  294;   while  Fig.  274 II.  shows  a  simple  screwed  joint, 
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with  a  collar  and  a  safety-rivet.  The  keyed  joint,  as  in  Fig.  276, 
was  formeriy  quite  common,  but  is  now  rarely  used  at  the  piston. 
The  nut  may  be  wholly  sunk  into  the  piston  as  in  Fig.  277,  or 
partly  as  in  Figs.  247,  256,  267,  etc. ;  and  may  either  be  of  the 
hexagon  form  or  be  slotted  for  a  spanner-wrench. 

At  the  cross-head,  glancing  forward  to  Figs.  282  to  297,  we  see 
that  in  stationary  engines  the  rod  is  usually  screwed  into  the  head 
and  secured  by  a  jam-nut;  though  sometimes  the  threaded  hub  is 
split  and  clamped  upon  the  rod,  as  in  Figs.  290  and  297.  In  the 
locomotive  the  cotter  fastening  is  used  almost  altogether,  as  seen 
in  Figs.  286  to  289.  With  the  marine  cross-head,  Figs.  293  to  295, 
radically  different  from  the  other  types,  a  joint  similar  to  that  at 
the  piston  is  usual. 

Strength  of  the  Rod. — ^The  piston-rod  is  subjected  to  rapidly 
alternating  tension  and  compression,  and  must  therefore  be 
designed  for  a  low  working-stress.  The  compressive  force,  which 
the  rod  resists  as  a  "column,'*  with  a  tendency  to  yield  by  bending 
out  of  line,  is  the  more  severe  in  its  effects;  so  that  if  the  body  of 
the  rod  is  made  strong  enough  for  compression,  a  smaller  cross- 
section  can  be  used  at  the  ends,  in  the  fastenings,  where  simple 
tension  is  the  predominant  stress.  But  a  sudden  reduction  in 
cross-section  where  the  rod  enters  the  piston  is  not  a  good  feature, 
because  any  secondary  bending  action  will  tend  to  concentrate  a 
heavy  stress  at  this  point,  and  thus  be  likely  to  cause  breakage. 
With  the  short'  cone  and  no  collar.  Fig.  267,  etc.,  there  is  a  very 
considerable  enlargement  at  this  point.  But  cases  where  an 
enlargement  of  section  is  used  even  more  avowedly  for  the  purpose 
of  getting  increased  strength  against  bending  are  seen  in  Figs. 
256  and  289.  In  the  former  especially  the  maximum  of  stiffness 
is  aimed  at,  because  the  general  arrangement  of  the  engine  is  such 
that  at  the  cross-head  the  rods  may  have  to  resist  very  strong 
bending  actions.  They  are  in  this  case  made  hollow,  so  as  to  be 
as  strong  as  possible  for  a  given  weight.  These  hollow  rods,  of 
nickel-steel  and  closed  at  the  ends,  are  first  forged  with  enlarged 
ends,  drilled,  and  rough-turned  on  the  body;  then  the  ends  are 
heated  and  hammered  down,  and  the  rod  finished  after  whatever 
of  oil-tempering  and  annealing  is  required. 
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The  form  of  the  piston-rod  in  tandem-compound  engines  is 
shown  in  Figs.  263,  279  II.,  and  438,  with  a  reduced  diameter  for 
the  part  extending  to  the  second  piston.  And  the  same  arrange- 
ment is  generally  used  when  the  rod  is  merely  extended  through 
the  head  for  the  sake  of  better  guiding  and  support  of  the  piston,  as 
in  Fig.  274 II.  and  III.  and  Fig.  279 II.;  although  sometimes, 
in  horizontal  engines,  the  tail-end  is  kept  at  full  size,  or  the  whole 
rod  even  enlarged  and  made  hollow  for  greater  stiffness,  especially 
when  a  little  carrying  slide-block  is  placed  under  the  outer  end, 
as  in  Figs.  267  and  221. 

(h)  Piston  Packing. — In  the  very  earliest  practice,  a  soft 
packing  of  hemp  was  wound  around  the  piston-rim.  With  better 
facilities  for  machining  the  cylinder-wall,  and  especially  with 
higher  steam-pressure,  metallic  packing  soon  came  into  universal 
use.  Almost  always,  this  consists  of  flexible  packing-rings,  held 
in  grooves  in  the  piston  and  pressed  outward  either  by  their  own 
elasticity  or  by  separate  springs  behind .  them.  The  rings  are 
generally  made  of  hard,  close-grained  cast  iron,  although  steel  is 
sometimes  employed  and  brass  used  to  be.  Occasionally  the 
rings  are  made  solid  (uncut  or  with  ends  joined),  and  changed 
or  adjusted  as  wear  occurs.  In  connection  with  piston-rings, 
two  matters  are  to  be  considered:  first,  the  production  and  regula- 
tion of  the  requisite  pressure  between  rings  and  cylinder-wall; 
second,  the  design  of  the  ring-joint,  which  should  not  leave  a  gap 
for  the  passage  of^steam. 

Self-elastic  Rings. — Experiments  made  soon  after  the  intro- 
duction of  the  plain  snap-ring  showed  that  a  pressure  of  three  or 
four  pounds  per  square  inch  of  contact-surface  was  en6ugh  to 
prevent  leakage.  The  discussion  of  the  elasticity  of  spring-rings 
and  of  the  flexure  necessary  to  a  given  pressure  will  not  be  taken 
up  here;  though  some  idea  of  practice  can  be  got  from  sketches 
I.,  II.,  and  III.  in  Fig.  280,  where  the  free  diameter  of  the  ring  is 
marked.  Sometimes  the  ring  is  tapered  toward  the  ends,  as  in 
Figs.  276  and  at  I.;  more  frequently,  perhaps,  it  has  a  constant 
cross-section.  In  most  cases  the  ring  is  turned  to  the  larger  diam- 
eter and  pressed  into  the  cylinder  after  a  piece  has  been  cut  out ; 
but  a  rather  more  uniform  pressure  can  be  got,  as  in  Figs.  279  I., 
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Fig  280.— Details  of  Piston-packing. 
Ring  for  15"  piston,  Fig.  251;  II.,  III.  Details  from  Figs.  247  and  256; 
IV.  Ring-joint  in  Fig.  274  IV.;  V.  Detail  from  Fig.  274  II.;  VI.  Joint 
for  ring  in  XIII.;  VII.  Detail  from  Fig.  279  I.;  Vlll.  Joints  for  thin, 
broad  rings,  for  large  pistons;  IX  Ring-keeper  from  Fig.  276; 
X.  Marine  piston  with  steel  spring-ring  back  of  cast-iron  rubbing- 
rings;  XI.  Type  of  ring  used  in  low-pressure  piston,  Fig.  279  II., 
XII.  Rinc  for  large  vertical  Corliss  engine,  Fig.  272;  XIII.  Restrained 
rings,  British  Navy  practice ;  XIV.  Type  of  self-restrained  ring ; 
XV.,  XVI.  Wedge  devices,  for  restraint  of  ring  and  to  keep  steam 
from  getting  under  ring. 
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by  cutting  out  a  shorter  piece  than  will  let  the  ring  close  in  to  the 
diameter  of  the  bore,  then  carefully  clamping  the  ring  to  a  face- 
plate and  bringing  it  to  size  with  a  light  finishing  cut. 

Rings  with  Springs. — In  Figs.  278  and  at  X.  we  have  examples 
of  the  continuous  (one-piece)  ring  with  spring  backing:  in  this 
case  the  ring  is  turned  just  to  the  cylinder-diameter  and  sawed 
across.  The  joint  at  VIII.  A  is  suitable  for  a  ring  of  this  type, 
while  that  at  C  would  be  made  in  a  ring  which  depended  partly 
upon  its  own  elasticity.  Rings  in  segments  are  illustrated  in  Figs. 
277  and  280  XL  and  XII. ;  this  type  of  arrangement  shows  great 
variety  as  to  the  form  of  the  segment  and  as  to  the  kind  of  spring 
used.  Always,  provision  must  be  made  for  holding  the  springs  in 
place  and  keeping  them  properly  spaced.  In  Fig.  277,  each  keeper 
has  upon  it  a  little  stud  which  projects  into  the  center  of  the 
helical  spring;  in  Figs.  278  and  280X1.  the  springs  fill  the  whole 
annular  space;  in  XII.  the  spring  is  intentionally  fastened  off  the 
middle  of  the  segment,  toward  the  end  where  the  keeper  is  riveted 
fast.  Another  type  of  spring  is  seen  at  XVI. ;  and  the  continuous 
corrugated  ribbon,  or  wave-spring,  as  in  Fig.  281 II.  C,  is  some- 
times used. 

Grooves  in  the  Contact-surfaces. — ^When  a  fluid  is  flowing  through 
a  long  narrow  channel,  the  current  is  effectively  broken  up  and 
its  velocity  greatly  checked  by  occasional  abrupt  enlargements  of 
the  channel.  This  principle  can  be  applied  by  cutting  small 
grooves  in  the  piston-face,  as  at  II.  and  XIII.,  or  even  in  the 
surface  of  the  ring,  as  at  V. ;  and  another  application  is  seen  in 
Fig.  281 IV. 

Ring-pressure  Due  to  the  Steam. — ^The  pressure  actually  existent 
between  packing-ring  and  cylinder-wall  really  depends,  in  most 
cases,  not  so  much  upon  spring-action  as  upon  the  pressure  of  the 
steam.  The  ideal  condition  is  to  have  the  ring  fit  its  slot  very 
closely,  being  free  to  move,  but  not  letting  steam  leak  into  the 
space  behind  it.  This  kind  of  leakage  is  very  hard  to  prevent; 
so  that,  during  a  part  of  the  stroke  at  least,  the  ring  is  likely  to 
be  very  strongly  pressed  outward,  with  undue  friction  and  wear  as 
the  result.  In  some  lines  of  practice,  holes  have  even  been  drilled 
through  the  side  of  the  piston  into  the  lowest  part  of  the  slot,  to 
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let  the  steam  get  in  and  push  the  ring  out.  At  the  opposite  extreme 
of  practice  lie  the  various  devices  for  restraining  the  rings  and  for 
more  effectively  keeping  the  steam  out  of  the  slot,  as  illustrated 
inFig.  280  XIII.  to  XVII. 

Restrained  Rings. — ^At  XIII.  is  seen  a  design  in  which  the 
packing-rings  2,  2,  are  formed  with  a  shoulder,  and  restrained 
from  undue  expansion  by  collars  on  the  solid  steel  ring  1 — the 
whole  system  being  removable  without  disturbing  the  piston-rod 
connections.  In  this  case,  new  rings  would  be  given  just  enough 
play  to  let  them  wear  to  a  good  surface,  after  which  they  would  be 
practically  solid  rings.  The  idea  of  a  self-restrained  ring  is  repre- 
sented by  the  sketch  at  XIV, :  this  type  of  coupling  has  been  used, 
as  also  the  oval  link,  Uke  that  in  Fig.  326  II.  Fig.  280  XV.  is 
typical  of  several  patented  designs;  ring  1  is  solid,  2  is  a  rubbing- 
ring  without  spring,  3  is  a  strong  spring-ring.  By  proper  adjustment 
at  the  start,  ring  2  can  be  left  free  just  to  wear  to  a  good  fit  in  the 
cylinder;  whereupon,  as  is  claimed,  the  slight  amount  of  wear 
which  takes  place  on  the  side  surfaces  in  the  slot  will  allow  enough 
expansion  to  keep  the  piston  tight,  the  slant  between  the  rings  being 
acconmiodated  to  different  conditions  of  service.  This  slant  also 
serves  to  wedge  the  rings  fast  in  the  slot  and  prevent  side  leakage. 

Side-wedge  Action, — This  idea  of  keeping  the  steam  from  getting 
behind  the  ring  has  led  to  a  number  of  designs,  which  are  typified 
by  XVI.  and  XVII.,  both  examples  being  intended  for  vertical 
engines  with  extended  piston-rods.  At  XVI.  the  spring  is  a  helix 
of  elliptical  cross-profile,  coiled  on  a  straight  axis,  then  bent  around 
the  cylinder;  at  XVII.  there  is  a  cast-iron  wedge-ring  2  and  a 
steel  spring-ring  3.  In  either  case,  the  pressure  upon  the  oblique 
surfaces  has  a  larger  component  to  force  the  halves  of  the  rubbing- 
ring  apart,  against  t!ie  sides  of  the  slot,  than  to  force  the  whole 
ring  outward.  It  is  said  that  these  arrangements  are  quite  effective 
in  diminishing  friction  and  wear;  they  are  all  of  European  design. 

Ring-joints. — Turning  now  to  the  ring-joint,  and  running  over 
the  examples  given  in  Fig.  280,  we  have  the  simple  butt-joint  in 
II.  and  III.,  with  provision  made  for  holding  the  two  joints  near 
the  bottom  of  the  piston,  where* its  weight  is  depended  upon  to 
hold  it  down  and  prevent  steam  from  getting  to  the  gaps  in  the 
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rings.  The  arrangement  at  V.  is  essentially  the  same,  except  in 
the  use  of  little  stop-plates,  set  into  slots  which  are  partly  milled  out, 
then  finished  by  hand.  In  IV.,  as  also  at  IX.  and  XII.  and  in  Fig. 
277,  we  see  the  use  of  little  brass  keepers  to  form  the  joint:  these 
are  surest  to  close  the  gap  when  riveted  to  one  of  the  ring-ends, 
or  when  right  over  the  springs;  so  that  IV.  depends  upon  the 
weight  of  the  piston,  as  do  all  the  other  locomotive  designs  shown. 
In  general,  these  keepers  serve  to  prevent  leakage  and  to  make  the 
ends  match;  and  both  these  functions  are  taken  by  the  little  side 
plate  in  VI.  Where  two  rings  are  together  in  one  slot,  they  can 
always  be  placed  so  that  the  joints  are  far  apart,  and  no  lap  at  the 
joint  is  then  needed:  examples  of  this  arrangement  are  seen  at 
VII.  and  X.  In  VIII.,  the  cover-plate  fastened  inside  the  joint 
is  called  a  "palm";  and  with  it  some  form  of  tongue  or  lap  is  used 
to  bridge  the  gap. 

(i)  Piston-rod  Packing. — For  use  in  stuffing-boxes,  around 
piston-  and  valve-rods,  soft  or  fibrous  packing  was  long  the  only 
material  employed;  and  it  is  only  in  comparatively  recent  times 
and  under  the  more  severe  conditions  of  service  and  pressure  that 
metallic  packing  has  been  coining  into  general  use.  Formerly, 
loose  strands  or  braids  of  hemp  soaked  in  tallow  were  used;  now 
there  is  a  host  of  ready-made  packings  on  the  market,  in  uniform 
and  graded  sizes  so  as  to  fit  and  fill  the  stuffing-box  neatly.  These 
are  made  of  vegetable  fibre,  asbestos,  or  rubber,  in  various  com- 
binations, with  graphite  frequently  incorporated  as  a  lubricant. 

The  Stuffing-box. — Examples  of  the  common  stuffing-box  have 
been  given  in  Figs.  6,  250,  251,  253,  262,  263,  267,  269,  etc.  Always 
there  is  an  annular  space  around  the  rod,  closed  by  a  flanged 
bushing  ^called  the  "gland,"  which  can  be  screwed  down  to 
compress  the  packing.  Sometimes  the  confining  end-surfaces  are 
flat,  as  in  Fig.  269;  oftener,  one  or  both  are  made  conical,  so  as  to 
force  the  packing  more  closely  against  the  rod.  To  allow  for 
initial  or  acquired  faults  in  alignment  and  for  wear  of  the  sliding 
surfaces  of  piston  and  cross-head,  the  rod  must  fit  but  loosely 
where  it  passes  through  the  cylinder-head  and  the  gland.  Very 
often  bushings  of  brass  or  linings  of  babbitt-metal  are  used,  as  can 
be  seen  in  the  examples  just  cited.    Of  course,  the  clearance  must 
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Fig.  281.— Types  of  Piston-rod  Packing.  I.  **  United  States  "  metallic  pack- 
ing; II.  Various  ring-packings;  III..  IV.  The  plain  solid  bushing; 
V.  Gland  with  geared  nuts. 
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not  be  wide  enough  for  the  packing  to  squeeze  into  it.  A  very 
simple  and  effective  device  is  to  use  brass  rings  as  in  Fig.  269, 
making  them  fit  the  rod  quite  closely,  but  with  as  much  clearance 
at  their  outer  circumference  as  the  rod  has  in  the  head  and  gland. 

Metallic  Ring-packing. — ^The  metallic  packing  belonging  to 
Fig.  247  is  drawn  to  a  larger  scale  in  Fig.  281 1.  The  gland  G  is 
here  a  mere  heavy  cover-plate,  made  tight  by  a  copper-wire  ring- 
gasket.  The  ball-ring  1  is  seated  upon  the  gland  with  a  spherical 
ground  joint;  the  casing  2  is  free  to  move  sidewise,  and  contains 
the  three  babbitt-metal  packing-rings  3,  4,  5,  which  are  the  only 
parts  that  touch  the  rod.  These,  as  pieces  requiring  compara- 
tively frequent  renewal,  are  made  in  segments  so  that  they  can  be 
put  in  without  disturbing  the  rod-connections,  and  are  placed 
in  the  cup  so  as  to  "break  joints."  The  follower  6  is  pushed  up 
by  the  spring,  which  is  itself  held  in  the  light  casing  7.  This 
spring  is  not  expected  to  do  much  more  than  hold  the  rings  in 
place:  it  is  the  steam-pressure  that  wedges  the  rings  into  the 
cup  and  makes  the  joint  tight,  so  that  the  tightness  of  the  joint 
varies  with  the  pressure  of  the  steam  to  be  held. 

The  same  packing,  with  different  proportions,  is  shown  in 
detail  at  I.  C — the  difference  consisting  in  the  slant  of  the  confining 
surfaces  of  the  cup,  which  causes  all  the  rings  to  come  into  action, 
although  the  first  one  still  takes  most  of  the  wear.  And  at  I.  D 
is  given  the  detail  of  another  packing  of  this  same  wedge-action 
type,  with  brass  rubbing-rings. 

Collar-rings. — Another  type  of  ring-arrangement  is  represented 
by  the  two  examples  given  in  II. :  the  rings  have  parallel  faces  and 
are  held  between  the  collars  of  a  cast-iron  casing,  and  the  segments 
are  pressed  inward  upon  the  rod  by  peripheral  springs.  In  the 
design  shown  at  A  and  C,  each  ring  is  divided  radially  into  three 
segments,  and  the  two  rings  in  one  compartment  break  joint, 
being  kept  in  place  by  little  dowels  which  project  into  the  gap  in 
the  elastic  confining-ring.  With  this  arrangement,  the  casing 
must  be  made  in  halves,  divided  lengthwise;  and  as  the  figure  is 
drawn  there  is  hardly  room  for  the  needful  clamping  de\dce  to 
hold  the  halves  together.  At  B,  D,  and  E  the  springs  are  helical, 
and  form  elastic  bands  around  the  rings.    The  form  of  the  seg- 
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ments  and  the  manner  in  which  the  ring  can  open  and  close  are 
shown  at  D  and  E.  These  ring-packings  are  made  in  a  great 
variety  as  to  form  and  arrangement.  Very  often  there  are  several 
complete  sets  of  rings,  the  space  between  them  being  used  for 
lubrication  or  for  the  draining  away  of  water.  On  vertical  engines 
especially  there  is  a  strong  tendency  to  leak  water  around  the 
piston-rod.  In  Power  for  April  1902  is  given  a  full  description 
of  a  great  number  of  packings  of  this  general  type. 

The  Solid  Bushing. — Another  form  of  metaUic  packing,  the 
plain  solid  bushing,  is  shown  at  III.  and  IV.  The  first  is  from  • 
Sweet's  "Straight  Line"  engine,  and  has  a  high  degree  of  accom- 
modation to  any  irregular  movement  of  the  rod.  The  long,  close 
sliding  fit  between  the  rod  and  the  babbitt  sleeve  effectively  pre- 
vents leakage.  In  this  case  the  piston  P  is  made  in  halves,  and 
one  of  these  is  recessed  to  make  room  for  the  bushing.  The 
arrangement  at  IV.  is  used  between  the  cylinders  of  a  close-con- 
nected tandem-compound  locomotive — see  Fig.  438.  The  bushing, 
of  bronze  or  hard  brass,  can  adjust  itself  sidewise:  and  in  arrange- 
ments of  this  sort,  long  used  in  pumps  like  that  in  Fig.  228,  the 
wear  has  been  found  to  be  almost  imperceptible. 

The  materials  used  for  the  rubbing  surfaces  of  packings  of  the 
several  types  shown  are,  hard  babbitt  metal,  brass  or  bronze 
and  cast  iron:  they  must  be  all  of  such  grade  and  finish  that  they 
will  not  cut  or  score  the  rod. 

The  last  drawing  in  Fig.  281,  at  V.,  shows  an  arrangement 
sometimes  used  on  marine  engines  with  fibrous  packing:  the 
two  nuts  are  connected  by  gearing,  ^ith  assurance  that  the  gland 
will  always  be  kept  "square"  with  the  rod. 

(;)  The  Cross-head. — The  three  typical  forms  of  this  piece 
are  well  represented  by  the  next  three  figures.  In  Fig.  282  is 
shown  a  four-bar  cross-head  (to  be  held  by  four  guide-bars,  that 
is);  and  from  the  way  that  the  two  slide-blocks  project  side\^ise, 
we  shall  call  this  the  wing  type.  It  can  be  seen  in  place  in  Fig.  200 
II.  and  III.  and  Fig.  216;  but  it  is  far  less  common  than  formerly, 
now  that  enclosed  guides  are  so  generally  used.  The  most  prev- 
alent form,  the  block  or  trunk  type,  is  represented  by  Fig.  283; 
the  essential  feature  being  that  the  guided  surfaces  are  above  and 
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below  the  cross-head,  central  in  the  plane  of  the  engine  mechanism. 
The  one-sided  slipper  cross-head  is  shown  in  Fig.  284,  here  intended 
for  a  non-reversing 
engine,  and  with 
comparatively  little 
bearing  -  surface  on 
the  top  of  the  sole- 
plate.  The  fourth 
example,  given  in 
Fig.  285,  is  a  modi- 
fication of  the  last 
type,  the  cross-head 
surrounding  the 
guide-bar,  instead  of 
being  partly  enclosed 
by  the  guiding  sur- 
faces.   . 

In  general  we  note 
fhaf    fl.nv   orn^<i-hf^aA    FiG.  282.— Four-bar  or  "Wing"  Cross-head,  to  fit 
tnat    an\    cross  neM     glides  shown  in  Figs.  237  and  298.    Scale  1  to  10. 
has  the  two  functions 

of  joining  the  connecting-rod  to  the  piston-rod  and  of  sliding 
upon  or  between  the  guides:  it  consists  therefore  of  the  body, 
which  begins  with  the  hub  for  the  piston-rod  and  is  usually  forked 
to  receive  the  wrist-pin;  together  with  the  sliding  surfaces  or 
shoes,  of  whatever  form.  Except  in  locomotives,  the  piston-rod 
is  nearly  always  screwed  into  the  hub  and  clamped  by  a  jam-nut 
or  equivalent  device.  As  to  the  WTist-pin,  we  have  here  two 
examples  of  cylindrical  fits,  two  of  taper  fits.  In  Fig.  282,  for  a 
connecting-rod  with  strap  end,  the  pin  is  mabe  with  a  driving  fit 
and  held  by  a  screw-key;  in  all  the  other  examples,  the  pin  is 
easily  removable,  as  it  must  be  taken  out  in  order  to  break  con- 
nections, with  a  solid-end  rod.  I'sually,  the  wrist-pin  is  made  of 
machineiy  steel,  often  case-hardened  and  ground;  but  in  Fig. 
284  it  is  of  hard  cast  iron,  hollow  for  lightness,  and  arranged  so 
that  it  can  be  turned  through  a  quadrant  occasionally,  to  equalize 
wear. 

In  Fig.  282  the  whole  piece  is  of  cast  iron,  and  the  principal. 
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bottom  rubbing  surface  is  composite,   the  grooves   (most  fully 

shown  at  D)  being  filled 
with  babbit t-tnetal.  Fig. 
283  has  a  cast-steel  body 
and  brass  shoes.  In  Figs. 
3  and  4  the  cross-head  is 
all  of  cast-iron;  here,  in 
Fig.  284,  the  body  is  of 
cast  steel  and  the  base  of 
cast  iron  or  brass  as 
preferred.  Fig.  285  is  a 
cast-iron  pattern,  ^dth 
babbitt  facing.  The 
lubrication  arrangements 
are  fully  shown  on  Fig. 
282,  consisting  of  grooves 
in  the  upper  surface 
which  gather  oil  from  the 


Fig.  288.— Cross-head  of  "Block"  Type,  for 
Fig.  238;  compare  Fig.  263.    Scale  1  to  10. 


top  guide-bar  and  feed  it  to  the  wrist-pin,  as  shown  at  E,  and 
to  the  lower  slide.     In  some  of  the  figures  which  follow  certain 


Fig.  284. — Slipper  Cross-head,  detail  from  Pigs.  8  and  4. 

details  of  this  sort  are  omitted,  because  they  would  unduly  com- 
plicate the  drawings. 
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.  (k)  Locomotive  Cross-heads. — For  this  class  of  engines,  by 
far  the  most  common  form  of  cross-head  is  the  modification  of  the 
block  type  shown  in  Figs.  286 
and  287.  The  first  example 
is  a  good  standard  design, 
very  generally  used;  the  ma- 
terial is  cast  steel,  for  both 
body  and  shoes;  and  the  latter 
are  lined  with  a  coating  of  pure 
tin,  which  is  put  on  like  a 
solder,  adhering  of  itself  to  an 
acid-cleaned  surface.  The  top 
view  D  is  intended  to  bring 
out  most  clearly  the  strength 
of  the  fork;  E  is  a  view  of  the 
shoe  from  the  inside,  showing 
the  recesses  which  receive  the 
flanges  of  the  body;  while  F 
is  a  detail  of  the  piston-rod 
joint.  In  the  second  design, 
reduction  of  weight  is  made  a  prime  object;  and  advantage  is 
taken  of  the  fact  that  the  lower  surface,  which  presses  upon  its 


FiQ.  285. —  Slipper  Cross-head  "In- 
verted," surrounding  the  guide-bar, 
from  Fig.  202. 
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Fig.  286.— Standard  "Alligator"  Cross-head,  for  20"  by  24"  locomotive, 
Fig.  247.    Scale  1  to  12. 
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guide-bar  only  in  reversed  running  of  the  engine,  is  very  little 
used,  and  can  therefore  be  made  much  smaller  without  danger  of 
excessive  wear.  Further,  in  order  to  shorten  the  guide-bars  at 
the  back  end,  the  shoes  are  set  f onward  from  the  center-line  of  the 
wrist-pin.  These  shoes  are  of  brass,  which  is  likewise  often  used 
in  designs  like  Fig.  286.  On  general  principles,  it  is  better  to  have 
the  pin  central  in  the  slide-block,  for  only  thus  can  a  uniform 


Fig.  287.— Special  Design  Alligator  Cross-head,  for  19"  by  26"  fast-running 
locomotive.    Scale  1  to  12. 

distribution  of  the  bearing-pressure  be  secured;  but  a  moderate 
amount  of  eccentricity  does  no  great  harm,  and  is  not  infrequently 
seen,  especially  in  marine  engines.  Cross-heads  are  proportioned 
for  a  maximum  bearing-pressure,  near  the  middle  of  the  stroke, 
of  from  40  to  60  lbs.  per  sq.  in.  upon  the  guide-bars. 

Slipper-type  Cross-heads. — The  usual  form  of  the  slipper  cross- 
head  for  the  locomotive  is  shown  in  Fig.  288,  where  the  brass 
shoe,  made  hollow  to  save  weight,  works  between  two  bars  and  is 
held  to  the  body  by  tightly  fitted  through-bolts.  The  top  bar 
exerts  the  guiding-force  in  former  running;  the  lower  one  serves 
to  keep  the  cross-head  from  moving  out  of  line  sidewise,  the  flanges 
which  unite  the  shoe  to  the  body  of  the  cross-head  being  lined 
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with  thin  brass  plates,  riveted  fast.  The  main  bearing-surface,  on 
the  top  of  the  shoe,  is  composite;  shallow  pockets  are  drilled  in 
the  brass  and  filled  with  babbitt  metal. 


Fig.  288. — Slipper-type  Cross-head,  for  extra  bi^  freight  locomotive, 
19"  and  82"  by  82"  tandemcompound.     Scale  1  to  12. 

The  design  in  Fig.  289  is  rather  out  of  the  usual  line,  approach- 
ing the  marine  type  of  slipper  cross-head — compare  Figs.  295  and 


Fig.  289 — Locomotive  Cross-head  of  the  Marine  Type,  Pennsylvania 
Railroad  express  engine,  2(H"  by  26".    Scale  1  to  12. 


299.    The  broad,  thick  shoe  or  sole-plate  is  a  light  steel  casting, 
coated  with  tin  about  tV  in.  thick.     The  bolts  must  transmit  the 
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full  guiding-force  in  reversed  running,  and  are  therefore  made  of 
ample  size. 

Piston-rod  Connection. — ^A  notable  feature  of  all  these  cross- 
heads  is  the  fact  that  the  piston-rod  is  held  by  a  cotter,  chiefly, 
it  appears,  because  this  form  of  joint  can  be  most  easily  taken 
apart,  while  offering  a  high  security  against  shaking  loose.  There 
are  two  typical  arrangements  of  the  joint;  in  Figs.  286  and  288, 


_  _ 


Fig.  290 — Cast-steel  Cro8s-head,  vertical  Buckeye  engine. 

the  entrance  of  the  cone  into  the  hub  is  limited  by  the  shoulder 
on  the  rod;  in  Fig.  289  the  end  of  the  rod  seats  itself  upon  the 
bottom  of  the  hole.  In  the  first  case,  driving  the  key  in  hard 
will  develop  a  heavy  initial  tension  in  the  rod,  most  severe  where 
the  cross-section  is  reduced  by  cutting  out  the  key-slot.  In  the 
second  case,  the  key  simply  compresses  the  tip  of  the  rod,  and 
only  the  tension  due  to  the  steam-pressure  is  felt  by  the  metal  in 
the  rod.  Careful  work  is  needed,  of  course,  to  insure  that  cone-fit 
and  shoulder-fit  shall  coincide  in  tightness. 
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(I)  Cross-heads  for  Bored  Guides. — This  is  the  most  common 
type  for  stationary  engines,  as  already  stated;  and  except  in 
small  engines  there  is  some  form  of  wedge-arrangement  for  adjust- 
ing the  shoes.  Fig.  290  has  a  broad  bearing  upon  the  body  for  the 
shoe,  which  is  adjusted  by  an  inclined  screw  and  then  strongly 
clamped  by  four  stud-bolts.  The  inclined  supporting  surface  is 
much  smaller  on  Fig.  291;   and  the  clamping-bolts  are  relatively 
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Fig.  291.— Cross-head  for  Corliss  Engine,  to  go  with  piston  in  Fig.  278. 

Scale  1  to  15. 


less  strong,  so  that  more  dependence  is  placed  upon  the  adjusting- 
screws  for  driving  the  shoe  back  and  forth  with  the  cross-head. 
In  Fig.  292  there  is  a  separate  wedge  between  body  and  shoe,  and 
the  latter  is  held  in  place  by  its  own  end-flanges  and  has  no  endwise 
movement  in  adjustment.  These  three  arrangements  represent 
the  typical  variations  in  the  great  number  of  designs  that  have 
been  gotten  out. 
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The  body  of  the  cross-head  in  Fig.  290  is  of  cast  steel,  with  the 
weight  of  metal  reduced  to  a  minimum,  and  the  shoes  are  of  cast 
iron.  Note  the  clamping-devices  for  gripping  both  piston-rod  and 
wrist-pin.  Figs.  291  and  292  are  both  designs  for  cast  iron,  but 
they  can  easily  be  enlarged  and  reduced  in  relative  thickness  when 
steel  is  to  be  used,  for  bigger  and  faster  engines.  A  special  feature 
of  Fig.  291  is  the  way  that  the  wrist-pin  is  held  in  place. 
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Fig.  292. — Corliss-engine  Cross-head  with  separate  wedges. 

The  manner  of  securing  the  facing  of  anti-friction  metal  is  shown 
in  detail  in  each  of  these  examples.  In  general,  the  alternate 
dovetails  on  shoe  and  babbitt-shell  are  narrow,  so  that  the  latter 
is  held  fast  in  small  portions.  In  Figs.  290  and  292  there  is  an 
approximate  equality  between  the  amounts  of  thin  shell  over  the 
ridges  and  of  thick  shell  in  the  grooves  of  the  shoe.  Fig.  291 
shows  the  thin  shell  predominating,  while  the  opposite  proportion 
is  seen  on  Fig.  295.  On  Fig.  292  the  dovetails  are  tapered,  so  that 
shrinkage  of  the  whole  shell  in  cooling  will  draw  them  tight,  and 
compensate  for  their  o\^ti  shrinkage — for  even  though  babbitt- 
metal  expands  in  solidifjdng,  it  must  contract  somewhat  in  cooling 
down  from  the  melting-point. 

(m)  Cross-heads  for  Marine  Engines. — Our  three  typical 
forms  of  cross-head,  as  adapted  to  marine-engine  conditions,  are 
exempl"fied  in  Figs.  293  to  295.  Practically  without  exception,  it 
is  here  the  connecting-rod  that  is  forked,  not  the  cross-head; 
therefore  the  body  of  the  latter  becomes  a  plain  block,  through 
which  the  end  of  the  piston-rod  passes;  and  the  two  pins  are  in 
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the  form  of  gudgeons,  like  trunnions,  on  the  sides  of  this  block. 
Then  the  four-bar  cross-head  takes  the  shape  in  Fig.  293,  an  engine 


Fio.  298. — Marine  Cross-head  of  the  Four-bar  Type.  Dutch  cruiser  with 
cylinders  83",  49",  74"  by  89".     Scale  1  to  24. 

with  this  arrangement  being  shown  in  Fig.  233.  In  Fig.  294  the 
shoes  are  cast  pieces,  bolted  to  the  block;  this  type  is  generally 
used  when  the  engine  has  A-frames,  as  in  Fig.  232  (although  that 


Fio.  294. — Marine  Cross-head  of  the  Block  Type,  French  battleship, 
cylinders  44.5",  67",  105.5"  by  48.2".    Scale  1  to  24. 

engine  has  slipper  cross-heads).  A  good  example  of  the  third  type, 
now  most  prevalent,  is  given  in  Fig.  295;  here  the  slipper  2  is  of 
forged  steel,  as  well  as  the  block  1,  and  the  web  can  be  made  so  thin 
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that  the  surface  of  the  backing  or  top  guides  (see  Fig.  299)  is  not 
much  less  than  that  of  the  forward  or  bottom  guide.  As  it  happens, 
these  examples  are  all  from  warship  engines,  where  it  is  of  first 
importance  that  the  total  height  of  the  machine  be  kept  down; 
and  all  have  the  rubbing-surface  central  below  the  wrist-pin.  In 
merchant  ships,  however,  the  slide  is  usually  made  symmetrical. 


m^ 


Fig.  295.— Slipper  Cross-head,  U.  8.  Battleship  ''Mississippi,"  25f' .  42", 
69"  by  48"  (four  engines).    Scale  1  to  14. 

The  Wri^t'pin  Fast  in  the  Rod. — Many  marine  engines  of  the 
smaller  sizes  have  the  WTist-pin  joint  made  as  in  Fig.  296,  where  the 
pin  is  held  in  the  forked  connecting-rod,  and  the  cross-head,  which 
is  forged  in  one  piece  with  the  piston-rod,  carries  the  bearing. 
This  particular  example  is  from  a  small  stationary,  non-reversible 
engine,  designed  along  marine  lines;  therefore  very  little  holding- 
down  surface  is  needed  on  the  top  guides. 

The  unique  design  in  Fig.  297  fills  what  would  otherwise  be  a 
gap  in  the  list  of  typical  arrangements,  supplying  a  solitary  example 
of  the  combination  of  a  forked  cross-head  with  a  wrist-pin  fast  in 
the  connecting-rod.  The  cross-head  as  a  whole  is  a  very  light 
steel  casting,  and  the  lower  half  of  the  hub,  shown  at  D,  is  a  separate 
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piece,  strongly  bolted  fast  and  arranged  so  as  to  grip  the  piston-rod. 
The  wedge-adjustment  for  the  bearings  is  intended  to  accommodate 
itself  to  equality  of  pressure  on  the  two  ends  of  the  pin.  This 
very  interesting  design  is  rather  at  a  disadvantage,  however,  when 
it  comes  into  commercial  competition  with  less  expensive  arrange- 
ments. 
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Fig.  296.— Wrist-pin  Fast  in        Fio.  297.— Cross-head  of  the   **  Straight 
Forked  End  of  the  Con-  Line "  Engine. 


(n)  The  Wrist-pin  may  be  considered  with  regard  to  the  shape 
and  dimensions  of  its  journal-surface,  and  to  the  manner  in  which 
it  is  held  in  the  cross-head.  In  Figs.  282  and  283  we  see  pins  on 
which  the  length  of  the  bearing-surface  is  about  one  and  one-half 
times  the  diameter;  but  in  most  cases  these  dimensions  are  nearly 
equal,  or  the  journal  is  nearly  "square."  Sometimes  the  practically 
useless  side  surface  of  the  pin  (on  top  and  bottom  in  a  horizontal 
engine)  is  cut  away,  as  in  Figs.  289  and  295.  The  movement  of 
the  rubbing-surfaces  in  this  joint  is  comparatively  small,  so  that 
the  specific  pressure  may  be  very  high:  it  varies  throughout  the 
stroke,  but  its  prevailing  maximum  value  mil  be  around  1000  lbs. 
per  sq.  in.  in  stationary  engines,  and  will  rise  to  4000  lbs.  per  sq. 
in.   in  heavy-pulling  locomotives,   where  6000  is  often  reached 
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when  the  heaviest  traction  is  being  exerted,  at  low  speed.  The 
marine  engine,  with  two  wrist-pin  journals,  need  not  have  much 
more  intense  pressures  than  are  usual  in  stationary  practice. 

Holding  the  Pin. — Two  examples  of  cylindrical  pin-fits  have 
already  been  noted,  in  Figs.  282  and  284.  Fig.  290  shows  another, 
with  a  very  neat  and  simple  arrangement  for  clamping  it;  here  the 
pin  must  be  made  an  easy  driving  fit,  so  that  screwing  up  the  clamp- 
ing bolts  will  not  sensibly  distort  the  cross-head.  With  the  pin 
fixed  in  a  forked  rod,  as  in  Fig.  296,  a  cylindrical  shrink-fit  is 


# 


0  \j      c 

Fio.  298.— Guide-bare  to  fit  Figs.  237  and  382.    Scale  1  to  14. 


generally  made;  although  when  this  form  of  rod  is  used  in  station- 
ary engines  (in  English  practice),  the  pin  has  sometimes  a  taper- 
joint  and  a  retaining  nut. 

Our  examples  convey  the  correct  impression  that  this  last 
method  is  the  one  most  used  for  holding  the  pin  in  the  cross-head. 
We  distinguish  two  cases:  most  usually  the  two  taper-fits  are  parts 
of  one  cone,  so  that  the  holes  can  be  reamed  with  a  plain  taper- 
reamer;  the  only  example  of  the  other  case  is  seen  in  Fig.  291. 
This  last  shows  also  a  way  of  holding  the  pin  in  place  that  is  dif- 
ferent from  the  usual  nut  on  the  end  of  the  pin;  and  a  smaller 
variation  from  the  latter  method  is  seen  in  Fig.  285.  Sometimes, 
though  by  no  means  always,  a  shoulder  on  the  pin  limits  its  wedge- 
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action;  but  there  is  far  less  reason  for  it  here  than  in  a  piston-rod 
joint,  where  the  major  force-action  is  along  the  axis  of  the  cone. 
Very  often  there  is  a  little  key  on  one  side  of  the  head,  to  keep  the 
pin  from  turning. 

(o)  Guide-bars. — In  the  great  majority  of  stationary  engines, 
the  guides  are  wholly  or  in  great  part  formed  right  upon  the  frame- 
casting.  On  locomotives  the  bars  are  usually  of  forged  steel, 
supported  as  shown  in  Figs.  231  and  246.    Several  examples  of 
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299. — Guide  for  Warship  Eagine,  with  frame  of  steel  columns; 
cross-head  in  Fig.  295.     Scale  1  to  24. 


separate  guides  of  cast  metal,  and  hence  of  more  complicated 
form,  will  now  be  illustrated.  The  first,  in  Fig.  298,  is  an  enlarged 
detail  from  Fig.  237,  for  the  cross-head  in  Fig.  282.  The  bottom 
bars  are  joined  by  cross-pieces  at  the  ends,  so  as  to  form  a  single 
casting,  which  rests  on  bored  seatings  in  the  bed.  Columns  or 
space-blocks  support  the  top  bars  (likewise  of  cast  iron),  those 
nearer  the  cylinder  being  joined  by  a  light  cross-web  which  serv^es 
as  an  oil-guard. 
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Guides  for  marine  engines  with  slipper  cross-heads  are  shown  in 
Figs.  299  and  300.  The  first  is  very  much  like  those  on  the  engine 
in  Fig.  235,  except  that  in  this  both  ends  are  supported  by  cross- 
bars bolted  to  the  columns,  instead  of  the  top  end  being  fastened 
to  a  bracket  formed  upon  the  cylinder-head;  a  short  strut  at  the 
top  helps  to  resist  any  tendency  to  vertical  movement,  which  might 
be  induced  by  the  frictional  drag  of  the  cross-head.  The  main 
guide,  piece  1,  is  of  cast  iron;  this  metal  gives  a  rather  better 
wearing-surface  than  would  steel,  and  it  is  far  easier  to  make  a  good 
hollow  casting  with  iron:  but  the  front  or  backward-rimning 
guides  are  of  steel  for  greater  strength.  When  lifted  into  place, 
these  bars  are  at  first  secured  by  the  light  tap-bolts  near  the  outer 
edge,  then  strongly  fastened  with  the 
•heavier  through-bolts.  Under  the  bars 
are  several  liners  of  sheet-metal,  located 
by  the  dowel-pins  at  D,  D.  The  water 
system  is  clear,  with  the  connections 
marked  W  in  view  C:  besides  the  circu- 
lation in  the  water-rback,  a  direct  spray 
can  be  thrown  upon  the  rubbing-surfaces 
through  the  holes  in  the  side-bars,  as 
at  W  in  view  A.  In  this  view  the  oil- 
holes  and  grooves  are  shown  at  L. 

In  Fig.  300  the  main  Y-frame  is  of 
cast  steel,  made  in  two  parts  with  bolted 
flanges.  The  guide-plate  of  cast  iron  is 
fastened  in  place  with  a  number  of  sunk- 
head  bolts :  and  after  the  cast-steel  front 
guides  have  been  screwed  fast,  heavy 
through-bolts  are  inserted  to  hold  the 
Fio.  80a  ~  MarinTouides  ^^^'^  structure  rigidly  together.  Water- 
for  Cast  Columna:  I.  From  spaces  are  formed  between  guide-plate 
and  frame,  with  due  provision  for  supply 
and  circulation ;  and  the  sketch  at  II.  is 
given  as  illustrating  another  way  of  forming  this  water-back. 

In  Fig.  293,  view  C,  is  shown  a  section  of  the  separate  guide-bar 
which  is  bolted  to  each  of  the  four  cast  columns  that  make  up  the 
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frame  under  one  cylinder:  and  this  principle,  of  forming  the  guide 
surface  upon  a  light  separate  piece,  is  applied  almost  without 
exception  in  marine  practice. 

Compare  with  these  marine  arrangements  the  device  used  in 
Fig.  289,  where  the  guide,  relatively  very  heavy,  is  divided  in  the 
plane  of  the  engine-mechanism,  and  the  halves  are  strongly  bolted 
together;  of  course  the  supports,  at  the  cylinder-head  and  at  the 
guide-yoke,  help  to  keep  these  halves  rigidly  in  position,  so  that 
their  surfaces  will  form  a  true  plane. 
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Fig.  801. — Locomotive  Connecting-rod,  cross-head  in  Fig.  288. 
Scale  1  to  12. 

(p)  Connecting-rods. — ^Without  nmning  over  Figs.  301  to 
311  in  sequence  and  noting  individual  peculiarities,  we  will  con- 
sider the  important  details  collectively,  taking  up  first  the  shank  or 
body  of  the  rod.  This  part,  besides  transmitting  along  its  axis  a 
force  alternately  tensile  and  compressive,  must  also  resist  sidewise 
forces  due  to  gravity  and  inertia.  For  slow-nmning  engines  of 
the  Corliss  type,  the  shank  is  round,  usually  largest  near  the  middle 
and  tapering  slightly  toward  the  heads,  as  in  Figs.  304, 209,  and  213. 
With  higher  speeds,  the  rod-body  is  often  a  long  cone,  tapering 
toward  the  crank-end,  and  flatted  on  the  sides  so  as  to  approach  a 
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rectangular  cross-section  as  the  diameter  increases — see  Figs.  211, 
219,  220,  221,  and  229.  Stationary  high-speed  engines,  and  a 
great  many  locomotives,  have  the  rectangular  section,  increasing 
in  depth  toward  the  crank-end,  as  seen  in  Figs.  303,  305,  203,  and 
223.  For  high-speed  locomotives  the  sides  of  this  rectangular  bar 
are  milled  out,  making  the  I-beam  cross-section  shown  in  Figs. 
301,  302,  3061.,  and  231.  The  marine  engine  runs  at  a  high 
rotative  speed;  but  the  rods  are  relatively  short,  the  bending 
action  is  less  severe,  and  the  body  is  made  round,  with  a  simple 
taper. 


FiQ.  802. — Rod  for  Express  Locomotive,  cross-head  in  Fig.  289. 
Scale  1  to  12. 


In  stationary  engines  the  ratio  of  rod-length  to  crank-radius  is 
usually  6  to  1  or  somewhere  near  that  value;  in  locomotives  where 
the  front  driving-axle  is  not  the  main  axle  (as  in  Fig.  231),  this 
ratio  ranges  from  7  to  10;  in  marine  engines  it  is  usually  about  4; 
3  to  1  has  been  used  in  extreme  cases,  but  this  greatly  distorts  the 
motion  of  the  piston  from  symmetrical  harmonic  motion. 

(q)  Connecting-rod  Ends. — At  each  end  of  the  rod  there 
is  an  adjustable  bearing  for  one  of  the  pins.  The  "boxes''  or 
''brasses''  which  form  the  bearing  proper  must  be  enclosed  in  a 
frame  or  casing  of  suitable  form  and  strength,  and  provision  must 
be  made  for  setting  them  to  a  proper  fit  upon  the  pin  and  for  taking 
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up  wear.  In  the  construction  of  the  rod-end  which  encloses  the 
bearing,  four  types  may  be  differentiated  iamong  the  examples 
given.    The  solid  end  is  seen  at  the  wrist-pin  in  Figs.  301,  302,  and 
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Fig.  803.— Rod  for  22"  and  42"  by  27"  Engine,  175  R.  P.  M.,  pistons  in 
Fig.  279  I.     Scale  1  to  15. 

303,  and  at  both  ends  in  Fig.  304.  An  example  of  the  jaw  end 
is  given  in  Fig.  302,  and  slightly  different  arrangements  are  outlined 
in  Figs.  263,  391,  and  394;  it  is  especially  a  German  type.  The 
very  conmion  strap  end  is  illustrated  in  Figs.  301  and  303,  with 


Fig.  304— Rod  for  26"  by  48"  Corliss  Engine,  Figs.  218,  241,  277. 
Scale  1  to  15. 

modified  forms  in  Fig.  306.  The  marine  type,  Figs.  305,  308, 
etc.,  is  used  practically  without  exception  on  marine  engines  and 
very  largely  in  stationary  practice. 
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In  the  old-fashioned  key-and-gib  strap-end  (see  Fig.  451  I.), 
the  two  functions  of  holding  and  adjusting  the  bearing  were  com- 
bined in  one  arrangement;  but  in  most  modem  designs  there  is  a 
strong,  rigid  enclosure,  within  which  the  adjustment  is  made.  Aii 
exception  to  this  statement  appears,  at  first  sight,  in  Fig.  302,  but 
vanishes  when  we  note  that  the  gib-bolt  1  does  not  move,  and  that 
the  key  2  and  the  face-block  3  together  form  the  adjusting  device. 
A  real  exception  is  furnished  by  the  marine  end;  but  there  the 
conditions  are  different,  in  that  the  take-up  is  along  the  axis  of 
the  main  holding-bolts;  and  further,  since  the  boxes  are  usually 
separated  by  liners  or  shims,  and  the  whole  bearing  then  bolted 
hard  together,  the  adjustment  that  can  be  made  by  changing  the 
liners  is  very  different  from  that  made  by  a  key  or  wedge. 


A  B 

Fig.  805. — Marine  Bod  ends  for  Stationary  Engines:  I.  For  15" 
engine,  Figs.  201,  251;  II.  For  16"  by  16"  engine,  Figs.  206,  288. 
1  to  12. 


by  14" 
Scale 


Types  of  Construction. — Looking  at  the  enclosed  ends  a  little 
more  in  detail,  we  see  in  Fig.  303  a  simple  bolted  strap,  which  is 
held  against  tension  along  the  rod  wholly  by  the  shearing  strength 
of  the  bolts  (plus  whatever  friction  is  developed  by  their  grip). 
In  Figs.  301  and  306  II.  this  shear  is  largely  taken  by  keys.  The 
strap,  besides  resisting  direct  tension  along  the  rod,  must  also  have 
a  very  considerable  amount  of  strength  and  stiffness  against 
transverse  forces,  central  at  the  crank-pin;  which  explains  why 
it  is  made  so  much  heavier  than  simple  tension  would  seem  to 
require.     In  this  respect  the  jaw  arrangement  of  Fig.  302  is  at  a 
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decided  advantage,  because  the  sides  of  the  enclosure  are  held 
together  clear"  up  to  the  box.  In  Fig.  306  II.  the  bolts  are  sup- 
plemented, as  to  this  duty  of  holding  the  strap  together,  by  the 
dovetailed  keys  and  by  the  light  binding  strap;    and  then  the 
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Fig.  306. — Special  Rod-ends,  French  locomotives  with  inside  cylinders. 

Scale  1  to  16. 

comparatively  small  bolt-holes  do  not  remove  too  large  a  fraction 
of  the  metal  in  a  cross-section  of  the  rod  and  strap.  The  arrange- 
ment in  Fig.  306  I.  is  really  a  combination  of  the  fundamental 
ideas  of  the  marine  and  of  the  strap  end.  In  these  last  two  designs 
the  bearing  is  so  short,  relative  to  its  diameter,  because  the  pins  of 
these  inside  cranks  must  be  kept  at  the  full  diameter  of  the  axle; 


Fig.  307. — Connecting-rod  of  Westinghouse  Single-acting  Engine, 
Figs.  207,  208. 

then  sufficient  bearing-surface  can  be  got  with  a  short  pin,  and 
besides  there  is  not  room  for  a  long  one  within  the  limits  of  the 
locomotive. 

On  the  coupling-rods  of  a  locomotive,  solid,  non-adjustable 
bearings  are  used;  but  always  the  connecting-rod  of  any  engine 
is  provided  with  means  for  taking  up  wear. 
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(r)  A  Special  Design,  for  a  single-acting  engine,  is  shown  in 
Fig.  307;  it  is  peculiar  in  that  one  long  strap  goes  around  the  whole 
rod,  binding  the  parts  together.  All  the  heavy  force  trapsmitted 
by  the  rod  is  compressive,  so  that  the  strap  is  never  subjected  to 
a  tensile  stress  of  any  magnitude.     It  is  strongly  bolted  to  the 


Fig.  308.— Rod  from  Fig.  232.     Scale  1  to  32. 

outer  box  at  the  crank-end,  and  all  the  adjustment  is  made  by  one 
wedge;  and  this  wedge  has  flanges  which  keep  the  rod-body  from 
getting  out  of  place  sidewise.  The  hole  marked  C  is  used  only 
when  the  rod  is  being  put  together  and  handled;  a  pin  stuck  in 
here  holds  together  all  the  parts  above  (to  the  right  of)  this  point. 
In  this  rod,  as  in  Fig,  304,  the  adjustment  of  the  bearings  is  made 
entirely  by  "feel,"  as  there  is  no  clamping  of  the  boxes  edge  against 
edge. 
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(»)  Marine  Connecting-rods. — Various  forms  of  the  marine 
end  are  shown  by  Figs.  308  to  311,  one  typical  arrangement  at  the 
crank  end  in  308  and  at  310,  the  other  at  the  cross-head  end  of 
308  and  at  309.  In  the  first,  the  rod-end  and  cap  form  a  circular 
eye  or  enclosure,  within  which  is  held  the  light  cyhndrical  shell 
that  makes  the  bearing:  this  type  of  end  is  usually  forged  as  a 
solid  head,  the  opening  for  the  bearing  is  made  by  drilling  holes 
in  a  circle  so  as  to  set  free  a  central  core,  and  finally  the  cap-piece 
is  cut  off,  in  which  operation  enough  metal  is  removed  to  make 
room  for  the  distance-piece.  As  to  the  profile  of  a  lengthwise 
section  of  the  bearing,  the  two  examples  given  show  quite  different 
shapes.  These  rods,  when  for  high-speed  engines,  are  always  very 
closely  designed  for  strength,  so  as  to  minimize  their  weight; 
and  Fig.  310  shows  especially  close  trimming. 


Fig.  309. — Rod  with  T-end  and  Square  Boxes,  cross-head  in  Fig.  295. 
Scale  1  to  18. 


The  second  type  of  head  has  separate  rectangular  boxes,  held 
between  a  T-end  forged  upon  the  rod  and  a  flat  cap  also  of  forged 
steel.  These  boxes  are  of  brass  or  bronze,  lined  with  white  metal 
at  the  crank-pin,  but  with  the  harder  surface  of  the  copper-alloy 
at  the  WTist-pin,  where  the  specific  pressure  is  so  much  higher. 
Most  of  the  adaptations  of  this  rod-end  to  stationary  engines  are 
like  Fig.  305  I.;  305  II.  is  peculiar  in  the  general  form  of  its  bolts 
and  in  the  detail  of  the  lock-nut  arrangement.  The  boxes  are 
here  of  cast  steel  in  both  designs,  although  cast  iron  is  often  used; 
and  the  outer  box  is  made  strong  enough  to  serve  as  cap  also. 

In  Figs.  308  to  311,  note  how  the  bolts  are  kept  at  the  full 
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diameter,  over  the  screw-threads,  wherever  they  act  as  dowel- 
pins  to  keep  the  parts  in  alignment;  but  are  elsewhere  turned 
down  to  the  effective  diameter  inside  the  screw.  In  Figs.  308 
and  309  the  bolt  is  kept  from  turning  by  a  key-pin  under  the  head 
and  is  held  in  the  cap  by  a  set-screw;  and  the  same  nut-locking 
device  is  used  in  all  these  designs.  The  distance-pieces  in  Fig. 
308  are  of  cast  iron;  one  is  shown  in  section  at  D,  held  in  position 
by  four  dowels.     That  in  Fig.  310  is  a  light  brass  casting.    In 


Fig.  310. — Rod  with  Round  Eye,  British  torpedo-boat  destroyer,  cylinders 
19J",  30",  34"-34"  by  18".     Scale  1  to  9. 

nearly  every  case,  thin  liners  are  used  for  adjustment;  without 
these  it  would  be  necessary  to  file  or  plane  down  the  distance- 
block  as  the  bearing  wore  loose. 

Fig.  311  shows  an  adaptation  of  the  idea  of  Fig.  306  I.  to  a 
large  marine  engine.  By  the  combination  of  the  cap  with  the 
bolts  into  one  piece,  the  minimum  of  weight  seems  to  be  secured; 
but  this  semicircular  strap  is  a  rather  awkward  piece  to  machine. 

(0  Rod-bearings  and  their  Adjustment. — For  stationary 
engines,  the  crank-pin  boxes  are  usually  of  cast  iron  or  cast  steel, 
with  babbitt  lining.  Only  in  the  locomotive  are  they  regularly 
made  of  brass  or  bronze,  which  bears  directly  upon  the  pin.  For 
the  wrist-pin,  brass  bearings  are  generally  used.  Brass  boxes  with 
babbitt  belong  especially  to  marine  practice,  as  already  remarked. 
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The  lining  of  white  metal  is  ahnost  always  east  in  place,  and 
held  by  dovetail  grooves.  An  exception  is  seen  in  Fig.  3051., 
where  there  is  a  loose  thin  shell  of  babbitt,  set  into  the  boxes  and 
kept  from  turning  only  by  the  liners  at  the  joints,  which  project 
inward.  The  best  white  metal  is  composed  mostly  of  tin,  with 
some  copper  and  antimony:  in  cheaper  grades,  more  or  less  lead 
is  used.    In  large  bearings  the  lining  is  well  hammered  after 


FiQ.  311. — Marine  Rod  with  Semicircular  Strap,  Schneider  &  Co.,  France. 

Scale  1  to  18. 

casting,  to  harden  it  and  force  it  closely  into  the  grooves,  and  is 
then  bored  out  to  the  exact  diameter  for  the  journal.  This  state- 
ment applies  to  new  work;  a  repair  job  means  usually  simply 
casting  the  lining  around  the  journal,  without  any  other  finish. 

The  boxes  are  held  against  sidewise  displacement  by  flanges, 
which  extend  all  around  the  enclosure  when  the  latter  can  be 
opened  to  insert  the  boxes,  as  at  the  crank  end  in  Figs.  301,  302, 
and  303.  With  a  solid  end,  the  flanges  on  one  side  cannot  be 
complete,  but  must  be  made  as  shown  at  C  and  D  in  Fig.  303,  » 
where  the  inner  box,  with  the  wedge,  is  slipped  into  place  last  and 
then  held  by  the  wedge-bolts.  In  Fig.  301  the  wrist-pin  boxes  are 
held  in  simply  by  the  cross-head;  in  Fig.  302  the  block  6  is  first 
put  in,  then  the  box  next  to  it,  lastly  the  outer  box. 


164       FORM  AND  CONSTRUCTION  OF  THE  ENGINE.    [Ch.  VIII. 

Adjustment-devices. — The  use  of  a  key  to  adjust  the  bearing,  as 
in  Fig.  301,  is  quite  common  on  locomotives.  It  has  the  dis- 
advantage that  there  is  only  a  comparatively  small  bearing- 
surface  of  wedge  on  box,  and  the  metal  is  likely  to  be  crushed  in 
course  of  time.  In  the  example  shown,  this  difficulty  is  overcome 
by  putting  a  steel  plate  between  the  key  and  the  bronze  box;  in 
Fig.  302  the  key  is  unusually  thick,  and  bears  upon  the  steel  face- 
block  3.  Generally,  however,  a  broader  wedge  is  preferred,  as  in 
Figs.  303  and  304  especially.  Various  ways  of  holding  and  adjust- 
ing the  wedge  are  shown,  all  of  them  securing  it  against  motion  in 
both  directions.  Note  that  in  the  solid  ends  the  slanting  bearing- 
surface  is  formed  upon  the  rod ;  while  an  example  of  the  opposite 
arrangement  is  seen  at  the  crank-pin  in  Fig.  303. 

Lubrication. — ^The  provision  for  lubrication  consists  of  oil-holes 
and  grooves;  the  former  come  either  from  the  outside  of  the  bear- 
ing or  from  within  the  pins;  the  grooves  are  cut  in  the  lining  of 
the  bearing,  and  are  generally  short  segments  of  a  helix,  so  as  to 
lead  the  oil  over  the  whole  surface.  In  most  of  the  drawings  the 
lubrication  details  are  omitted,  in  favor  of  a  clearer  view  of  the 
details  of  construction.  On  marine  engines,  oil-pipes  are  fastened 
along  the  rod,  entering  the  bearing  through  a  drilled  hole:  at  the 
top,  near  the  wTist-pin,  the  pipe  carries  a  small  box  with  a  wiper, 
which  taxes  oil  from  a  fixed  pipe.  A  part  of  this  arrangement  can 
be  distinguished  on  Fig.  235. 

§  45.  The  Rotating  Parts  of  the  Engine. 

(a)  Shafts  with  Overhanging  Crank. — The  usual  type  of 
shaft  for  stationary  side-crank  engines  is  well  represented  by  Fig. 
312  I.  Shaft  and  crank-pin  are  of  mild  steel,  the  disk  is  of  cast 
iron  with  a  fan-shaped  counterweight  formed  upon  it.  They  are 
put  together  with  either  forced  or  shrunk  fits,  the  holes  in  the 
disk  being  bored  about  one  in  one  thousand  smaller  than  the  pieces 
which  are  to  go  into  them.  The  crank-pin  is  riveted  over  for 
greater  security,  and  has  a  detachable  cap,  to  receive  the  solid-end 
connecting-rod  shown  in  Fig.  304.  To  carry  the  weight  of  the 
wheel  [ind  ^t^ncratar,  tbe  nbaft  is  enlargetl  between  the  bearijigs; 


i 


i  45  (a)] 


THE  SHAFT. 


155 


but  its  diameter  can  be  reduced  where  it  enters  the  crank-hub 
without  sacrifice  of  needed  strength,  although  the  proportion  of 
reduction  is  greater  in  this  case  than  where  the  conditions  of 
working  are  more  severe. 

Fig.  312  II.  shows  the  shaft  for  a  large  duplex  horizontal- 
vertical  engine.  The  straight  shaft  is  a  hollow  forging  of  high- 
grade  steel,  oil-tempered;    the  disks  or  webs  are  massive  sted 


Fig.  312.— Shafts  with  Built-up  End-cranks.      I.  For  26''  by  48''  Corliss  en- 
gine, Figs.  213,  241,  scale  1  to  48;  II.  For  engine  in  Fig.  219,  scale  1  to  72. 

castings.  Referring  to  Fig.  219,  we  see  that  the  two  connecting- 
rods  act;  upon  the  one  pin  as  here  indicated  by  the  letters  H  and  V. 
A  rather  specuU  example  is  given  in  Fig.  313;  the  crank  is  made, 
not  of  ordinary  cast  iron,  but  of  a  mixture  called  steeled  cast  iron 
or  semi-steel — steel  being  added  to  the  iron  in  the  melting,  so  as 
Ki"Mtly  to  increase  its  strength  and  toughness.  The  hole  in  the 
tnitldlt'  nf  the  pin  Is  cored  out  chiefly  to  help  in  getting  a  sound  cast- 
ling' «Hen  plugged  it  forms  part  of  the  oil-conduit.     Note  the 
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eccentric  groove  turned  in  the  outer  face  of  the  hub,  where  it 
will  catch  oil  escaping  from  the  inner  end  of  the  main  bearing; 
centrifugal  force  will  make  this  oil  flow  around  to  the  hole  which 
leads  to  the  crank-pin.    This  device  is  seen  on  Fig.  315  also. 

A  good  example  of  the  main  axle  of  a  locomotive,  properly  the 
crank-shaft  of  the  engine,  is  illustrated  in  Fig.  314.  The  connecting- 
rod  takes  hold  of  the  outer  journal  on  the  crank-pin,  while  the 
inner  journal  is  for  the  coupling-rod,  which  couples  in  the  other 


Fig.  313. — Crank-disk  with  the  Pin  cast  upon  it,  for  16''  by  15''  engine  as  in 
Figs.  206,  215.     Scale  1  to  12. 

« 
three  driving-wheels.  Both  crank-pin  and  axle  are  subjected  to 
severe  bending  actions;  and  instead  of  being  reduced  in  the  wheel- 
fit  they  are  kept  at  full  size,  or  even  increased  in  diameter.  At  C 
are  given  enlarged  detail  sections  of  pin  and  axle,  showing  the 
little  collars  turned  upon  them  to  limit  their  movement  when 
being  forced  into  place  with  the  hydraulic  wheel-press.  The  wheel 
is  of  cast  steel,  and  the  hub  is  faced  with  a  bronze  plate,  shown 
also  at  D,  where  it  bears  against  the  axle-box. 

(6)  Shafts  with  Inside  Cranks. — A  typical  shaft  for  a  high- 
speed center-crank  engine  is  shown  in  Fig.  315.  Formerly,  almost 
all  designers  used  a  complete  cast-iron  disk,  fitting  and  fastening  it 
upon  the  web  of  the  solid  forged  shaft  in  some  such  way  as  is  shown 
in  Figs.  3  and  5.    Thus  to  fill  out  the  disk  at  the  sides  of  the  crank 
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Fig.  314. — Main  Axle  for  a  "  Consob'dation "  (Four-coupled)  Locomotive, 
with  the  cylinders  in  Fig.  256  and  about  40,000  lbs.  on  each  driving- 
axle.     Scale  1  to  24. 


Fig.  315.— Shaft  for  15''  by  14''  High-speed  Engine,  Figs.  201,  237. 
Scale  1  to  12. 
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neutralizes  an  equal  amount  of  metal  beyond  the  shaft;  and  it 
is  therefore  easier  to  get  a  required  amount  of  counterbalance  by 
the  construction  here  given.  Another  advantage  of  this  arrange- 
ment is  that  the  end  of  the  connecting-rod  is  much  more  accessible 
than  when  it  is  between  circular  crank-disks..  Of  course,  there  is 
a  larger  possibility  that  the  weight  may  get  loose,  which  must  be 
guarded  against  by  inspection  at  not  too  long  intervals.  When  a 
greater  counterforce  is  needed  than  can  conveniently  be  provided 
with  iron,  the  weights  are  made  hollow  and  filled  with  lead,  as  in 
Fig.  314.  Usually,  shafts  of  this  type  are  of  steel,  the  crank  being 
forged  as  a  solid  .block,  then  cut  out  in  the  machine-shop:  but 
quite  frequently  steel  castings  have  been  used  for  small  shafts,  say 
the  size  in  Fig.  315  and  under,  with  satisfactory  results. 


Fig.  316.— One  Crank  for  22"'  and  42"  by  27"  Vertical  Engine,  Figs.  217, 
242,  303.     Scale  1  to  18. 

A  part  of  a  shaft  for  a  quarter-crank  compound  engine  is  shown 
in  Fig.  316.  A  noticeable  feature  is  the  enlargement  of  the  ends 
of  the  shaft-sections  where  they  enter  the  crank-hubs — this  being 
in  marked  contrast  to  Fig.  312.  For  multiple-crank  stationary 
engines,  this  built-up  type  of  construction  is  far  more  common  than 
the  solid-forged  type  so  usual  in  marine  practice. 
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With  a  large  shaft  and  crank-pin  there  is  likely  to  be  very 
little  metal  left  between  the  holes  in  the  crank-arm.  One  way  o^ 
overcoming  this  difficulty  is  shown  at  C  in  Fig.  316,*  where  the 
reduced  end  is  made  eccentric  to  the  body  of  the  shaft,  being  moved 
away  from  the  pin. 

(c)  Shafts  for  Marine  Engines. — For  very  large  marine 
engines,  the  built-up  type  of  shaft  shown  in  Fig.  317  is  generally 
used.  All  the  parts  are  of  high-grade  steel — nickel-steel  in  this 
particular  case — and  they  are  put  together  with  shrunk  fits. 
Quite  often  the  pins  are  keyed  as  well  as  the  shaft-ends,  but  there 


Fig.  317. — Section  of  Shaft  for  Large  Passenger  Steamer,  pistons  in  Fig. 
279  II.     Scale  1  to  56. 

is  really  no  need  for  this,  because  the  pin  has  no  tendency  to  turn 
in  its  hole  unless  the  bearings  fail  radically  in  their  duty  of  properly 
supporting  the  shaft.  Removing  the  core  saves  weight  with  only 
a  minute  decrease  from  the  strength  of  a  solid  shaft  of  the  same 
diameter;  when  the  piece  is  large  enough  to  be  forged  hollow,  upon 
a  mandrel,  it  decreases  very  much  the  thickness  of  metal  acted 
upon  by  the  hammer  or  the  f orging-press ;  and  it  greatly  facilitates 
the  heat-treatment  of  anneaUng  and  tempering  upon  which  the 
quality  of  this  class  of  forging  so  largely  depends. 

In  engines  of  medium  size,  for  war-ships  especially,  the  cranks 
are  solid-forged,  and  very  often  there  are  two  in  one  section,  as  in 
Fig.  3181.    An  important  advantage  of  the  solid  crank  is  its 


♦  Westinghouse  Machine  Co.,  see  Power t  May  1902. 
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adjustment  is  made  by  springing  the  bushing  together  with  its 
own  clamping-bolts,  then  screwing  the  cap  down  upon  it.  With 
the  very  narrow  bearing-surface  between  frame  and  bushing,  the 
latter  has  a  little  of  the  freedom  that  would  be  given  by  a  ball- 
and-socket  support.  With  plentiful  lubrication,  a  bearing  of 
this  sort  will  wear  very  slowly:  but  should  anything  happen  to 
spoil  it,  the  removal  of  the  bushing  involves  taking  off  the  wheel. 


Fig.  319. — Bearing  for  High-speed  Stationary  Engines.  I.  Detail  from 
Fig.  5;  II.  Simple  bearing  in  two  parts;  III.  King-oiling  beanng  in 
four  parts. 

A  very  simple  two-piece  bearing  is  shown  at  II.  The  main 
set-screw  adjustment  is  at  the  right,  while  that  on  top  obviates 
the  need  of  close  fitting  of  the  cap  on  the  bearing-boxes.  With 
only  a  slight  sidewise  displacement  of  the  shaft,  the  lower  box  can 
be  easily  taken  out  for  examination  or  repair.  Beneath  the  main 
view  is  a  detail  of  the  universal  key  which  fits  into  a  round  hole 
in  the  bed  and  a  cross-slot  in  the  bottom  box,  so  as  to  hold  the 
latter  against  endwise  movement. 

At  III.  in  Fig.  319  a  four-part  bearing  with  oiling-rings  is  drawn 
more  in  detail.  The  adjustable  quarter-box  5  is  backed  by  a  face- 
block  2,  of  which  the  outer  surface  is  cylindrical  below  the  level 
of  the  shaft-axis,  so  that  it  can  be  easily  taken  out.    In  view  D  are 
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shown  the  holes  for  lifting  screws  which  are  tapped  in  the  several 
parts  of  the  bearings.  In  the  middle  of  the  bearing,  at  the  top, 
is  a  screw-pin  which  serves  as  a  dowel,  to  keep  the  boxes  from  ever 
turning  with  the  shaft.  View  C  is  a  plan  of  the  casing,  with  the 
boxes  removed.  The  lubrication  arrangements,  besides  the  oil- 
well  and  the  rings  with  peep-holes  above  them,  include  a  light 
collar  fastened  upon  the  shaft  at  the  outer  end  of  the  bearing,  to 
catch  all  oil  that  escapes  and  return  it  to  the  well.  At  the  inner 
end  the  oil  drips  upon  the  projection  L,  from  which  it  is  scraped  by 
a  little  catcher  on  the  crank-disk,  and  carried  to  the  crank-pin. 

The  engine-frames  in  Figs.  237  and  238  have  even  simpler 
arrangements  than  those  just  shown.  In  Fig.  238  the  babbitt- 
metal  lining  is  cast  right  in  the  frame  and  the  main  cap.  Fig.  237 
has  thin  loose  shells  of  babbitt,  held  just  as  in  the  connecting-rod, 
Fig.  305  I. 

Corliss-engine  Bearings, — In  horizontal  engines  of  the  Corliss 
type,  the  bearings  are  usually  made  in  four  parts,  with  side-adjust- 
ment either  by  set-screws  or  by  wedges.  Fig.  320  I.  shows  vertical 
adjustment  also,  by  means  of  the  wedge  drawn  in  detail  at  C.  It 
is  hardly  possible  that  a  Ufting  force  greater  than  the  weight  of 
the  shaft  and  wheel  will  ever  be  developed  in  an  engine  of  this  class; 
consequently,  the  top  box  is  made  light,  and  is  held  down  simply 
by  contact  with  the  cap  at  the  ends.  The  big  hollow  cap  is  char- 
acteristic. In  view  B,  the  upper  half  is  a  plan  of  the  bearing- cap, 
and  the  lower  half  is  partly  a  top  view  of  the  base,  partly  a  section 
by  a  plane  through  the  shaft-axis. 

Fig.  320 II.  shows  a  double  wedge-adjustment,  the  wedges 
being  drawn  up  by  long  studs,  with  nuts  on  top  of  the  cap.  With 
this  arrangement  in  only  one  of  the  two  bearings,  it  is  possible 
always  to  square  the  shaft  with  the  stroke-line,  besides  taking  up 
wear — ^provided  the  bottom  box  can  move,  as  in  this  case.  Where 
the  lower  part  of  the  bearing  is  soUd  with  the  frame,  as  at  III., 
the  wedges  can  be  used  only  to  adjust  the  side  boxes  to  a  proper 
fit.  These  wedges  are  raised  by  set-screws,  which  go  through 
them  and  rest  upon  the  seatings  beneath  them,  so  that  the  cap 
can  be  taken  off  without  affecting  the  adjustment. 

The  bearing  for  a  very  large  engine  is  given  in  Fig.  321.    We 
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note  first  the  ball-and-socket  support,  which  insures  a  uniform 
distribution  of  pressure  between  journal  and  bearing.  The  main 
box  1  is  cored  out,  in  the  manner  best  shown  by  the  developed 
cylindrical  section  at  D,  in  order  to  permit  the  circulation  of  cool- 
ing-water, which  enters  by  a  pipe  following  the  path  from  P.    By 
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Fig.  320. — Bearings  for  Engines  of  the  Corliss  Type.  I.  For  frame  in  Fig. 
241,  shaft  in  Fig.  312  I.,  scale  1  to  24;  II.,  III.  Different  arrangements 
of  the  wedges. 

making  the  space-block  5  a  separate  piece,  the  box  1  is  given  such 
a  form  that  it  can  be  turned  freely  on  the  shaft  when  the  latter  is 
jacked  up  only  enough  to  take  its  weight  off  the  box — suitable 
holes  for  screw-handles  being  provided.  In  spite  of  the  fact  that 
the  high-pressure  element  of  the  engine  is  vertical,  the  free  lifting 
force  during  the  up-stroke,  over  and  above  the  weight  of  the  shaft 
and  its  load,  is  comparatively  small:  so  that  the  top  box  3  is 
narrow  and  light,  and  is  held  down  only  by  three  long  set-screws, 
besides  being  suspended  by  a  couple  of  lighter  tap-bolts.    This 
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drawing  shows  the  form  of  the  frame-castmg  around  the  bearing, 
and  also  illustrates  a  detail  of  practice  which  is  frequently  followed, 
in  large  engines,  in  that  the  bdts  for  the  bearing  caps  come  clear 


Fig. 


321.— Bearing  for  Engine  in  Fig.  219  and  Shaft  in  Fig.  312  U. 
Scale  1  to  40. 


through  from  the  foundation,  taking  their  share  in  the  duty  of 
holding  the  whole  engine  in  place.  At  the  left  of  view  B  is  seen 
the  beginning  of  the  light  floor,  a  part  of  the  main  casting,  which 
runs  under  the  crank-pit  to  keep  oil  and  water  off  the  foundation. 

(/)  Bearings  for  Marine  Engines. — A  fair  idea  of  the  form  of 
these  bearings  can  be  got  from  the  general  views,  Figs.  232  to  235, 
and  from  the  frame  drawings.  Figs.  243  to  245.  Two  examples 
are  given  in  detail  by  Figs.  322  and  323.    The  first  has  a  square 
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bottom  box  of  cast  iron  and  a  hollow  cast-steel  cap,  both  arranged 
for  the  circulation  of  water.    The  bolts  are  long  studs,  with  special 


Fig.  322.— Bearing  from  Fig.  232,  21''  shaft.     Scale  1  to  20. 

spUt  nuts  at  the  bottom:  only  occasionally  are  ordinary  studs, 
screwed  into  the  frame,  used  for  holding  down  the  cap.  The 
halves  of  the  bearing  are  separated  by  a  distance-piece  and  a 
group  of  liners.    The  latter,  with  a  total  thickness  of  J  in.,  is  made 
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up  of  a  graded  series  as  follows :  one  each  of  {,  J,  ^,  yV>  *^d  two  of 
-^  in. :  so  that  it  can  be  adjusted  by  64ths  to  any  thicloiess  desired. 
These  liners  are  held  in  position  by  dowel-pins,  in  the  usual  manner. 
In  view  C,  the  distance-block  is  in  place  at  the  left,  but  at  the  right 
it  is  removed.  In  B  the  upper  edgos  of  the  dovetail  ridges  which 
hold  the  white-metal  are  dotted  in  outline. 


Fig.  323. — Bearing  for  U.  S.  Battleship  "Mississippi";   compare  Figs.  235, 
295,  299,  309.     Scale  1  to  12. 

Fig.  323  shows  a  bearing  in  which  the  lower  box  is  cylindrical, 
as  in  Fig. 244  also:  but  here  this  box  rests  in  a  "false "  seating  set 
into  a  square  recess  in  the  frame,  instead  of  having  a  cyUndrical 
seating  formed  right  in  the  frame.  The  only  apparent  advantage 
is  that  the  bearings  can  be  adjusted  vertically  by  putting  liners 
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under  this  separate  seat — ^although  it  does  perhaps  simplify  the 
main  casting  just  a  little,  in  the  matter  of  keeping  the  thickness 
uniform,  to  have  a  rectangular  jaw  when  it  comes  to  providing 
place  for  the  bolts.  In  the  thin  bottom-box  water-passages  are 
cored,  closed  at  the  ends  by  strips  of  plate,  as  best  shown  in  the 
developed  section  at  D :  with  this  serpentine  coiu^e,  the  circulation 


Locomotive  Axle-box,  for  axle  in  Fig.  314.     Scale  1  to  12. 


of  the  water  is  very  complete.  Besides  the  two  small  oil-holes 
through  the  cap,  there  is  one  large  hole  for  grease  or  water,  which 
also  serves  as  a  peep-hole.  The  water  connections  for  this  cap  are 
shown  at  C,  consisting  of  a  direct  inlet  into  one  half  and  a  pipe  pro- 
jecting through  the  middle  partition  into  the  other  half,  to  serve 
as  outlet. 
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(g)  Locomotive  Bearings. — A  typical  locomotive  axle-box  is 
given  in  Fig.  324.  Inside  the  frame-jaw  1  there  are  two  shoes,  of 
which  3  is  in  the  form  of  a  wedge,  to  adjust  the  space  for  the  axle- 
box  6.  The  enclosure  is  completed  by  the  pedestal-brace  4,  with  a 
heavy  through-bolt.  The  box  6  is  here  of  cast  iron,  but  is  now 
much  oftener  made  of  cast  steel.  Into  it  is  forced  the  bronze  beaiing 
8,  only  a  top  bearing  being  needed  in  this  case.  The  circle  is  com- 
pleted by  the  light  cast-iron  "cellar-box,**  which  is  filled  with  wool- 
waste  soaked  with  oil.  Special  details,  belonging  to  the  carrying 
function  of  the  axle  rather  than  to  its  service  as  the  engine-shaft, 
are,  the  pocket  7  in  the  top  of  6,  wherein  rests  the  support  for  the 
spring-rigging;  and  the  manner  in  which  the  flanges  on  6  are 
opened  out  toward  the  ends  in  view  C,  so  that  one  end  of  the  axle 
can  move  up  and  down  in  the  frame  independently  of  the  other. 
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Fig.  325. — Fly-wheel  Hubs  for  Small  Engines.     I.  Standard  design;  II.  For 
15''  by  14"  engine,  Figs.  237,  315,  scale  1  to  16. 

(A)  Small  Fly-wheels. — The  general  form  of  the  wheel  is  very 
well  shown  by  the  illustrations  in  the  first  part  of  the  chapter. 
Stationary  engines  for  general  sen^ice  have  wheels  of  the  belt- 
pulley  type;  and  this  generally  holds  true,  for  the  smaller  sizes, 
even  when  the  engines  are  direct-connected  to  generators,  as  in 
Figs.  202,  203,  206;  For  larger  engines,  direct-connected  or 
directly  loaded,  the  balance-wheel  type  with  rectangular  cross- 
section  of  the  rim  is  usual,  as  in  Figs.  209,  214,  216,  223,  etc. 

Smail  belt-pulley  wheels  are  made  with  inside  flanges  on  the 
rim,  as  shown  at  C  in  Fig.  325  I.  In  diameters  less  than  9  ft.  they 
are  usually  cast  in  one  piece;  but  very  generally  the  hubs  are  split, 
on  one  side  or  all  the  way  through,  so  that  they  can  be  clamped 
upon  the  shaft.     Fig.  325  I.  is  a  typical  arrangement,  with  two 
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bolts  at  one  side  of  the  hub,  and  a  common  rectangular  key.  Fig. 
325  II.  shows  a  single  bolt  in  the  plane  of  the  arms,  and  has  set- 
screws  fitting  into  pockets  milled  in  the  shaft. 

(i)  Wheels  in  Halves. — ^Wheels  up  to  16  ft.  in  diameter  are 
commonly  made  in  halves — the  size  of  the  largest  piece  that  can 
be  shipped  on  an  ordinary  railroad-car  having  a  good  deal  of 
influence  in  this  matter.  One  example  of  the  balance-wheel  type 
is  detailed  in  Fig.  326  I.  The  hub  is  strongly  clamped  upon  the 
shaft  by  the  four  heavy  bolts;  the  strongest  part  of  the  rim-joint 
consists  of  the  two  I-shaped  shrink-bolts  or  links.  These  are 
machined  exactly  to  length  between  the  heads,  and  the  seatings 
in  the  wheel-rim  are  similarly  finished.  The  link  is  made  shorter 
than  the  space  it  is  to  occupy  by  from  one  in  one  thousand  to 
one  in  eight  hundred.  With  a  coefficient  of  elasticity  of  30,000,- 
000  lbs.  per  sq.  in.,  a  deformation  of  1  in  1000  will  produce,  or  be 
produced  by,  a  stress  of  30,000  lbs.  per  sq.  in. :  in  this  case  the 
deformation  will  be  mostly  concentrated  in  the  link,  which  is  so 
much  smaller  in  cross-section  than  the  body  of  cast  iron  which  it 
clamps  together  that  nearly  the  full  stress  will  be  developed. 

Wheels  of  this  size  will  be  completely  finished  in  the  shop;  and 
to  insure  a  neat  fit  at  the  joints,  little  screw-dowels  are  put  into 
holes  drilled  and  tapped  half  and  half  in  the  two  parts.  In  erecting 
the  engine,  these  will  be  put  in  first,  along  with  the  bolts  through 
the  lugs  inside  the  rim,  and  the  shrink-links  are  put  in  last  of  all. 

Another  form  of  connecting-link  is  shown  in  Fig.  326  II.,  the 
name  "  link  "  being  here  closely  descriptive.  At  III.  is  a  special 
joint,  belonging  to  the  engine  in  Fig.  217.  The  same  U-shaped 
tie,  without  the  I  links,  is  used  in  Fig.  203,  two  at  each  joint. 
These  can  be  put  in  hot,  so  that  they  will  have  a  good  grip  when 
cold:  the  temperature  requirec^  for  a  shrink-fit  of  the  degree  above 
described  is  not  very  high,  but  is  well  below  the  beginning  of 
"red  heat." 

The  tie-bar  with  keys,  Fig.  326  IV.,  is  sometimes  used,  Fig. 
223  being  an  instance.  This  is  not  a  shrunk  joint,  but  is  tightened 
by  making  the  keys  with  a  slight  taper  and  driving  them  in  hard. 

Large  wheels  of  the  belt-puUey  type  are  joined  by  bolted  flanges, 
after  the  manner  of  the  sketch  at  V.    In  very  large  diameters  these 
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wheels  will  be  made  in  a  number  of  segments,  each  with  one  or 
two  arms,  and  with  an  arrangement  at  the  hub  similar  to  that 
in  Fig.  327.    Wheels  have  been  built  with  the  arms  separate  from 


Fig.  326. — Balance-wheels  of  Medium  Size.  I.  16-ft.  wheel  for  26"  by  48" 
Corliss  engine,  shaft  in  Fi^.  312  I.,  weight  62,000  lbs.,  scale  1  to  48.  II. 
to  VI.  Details  of  wheel-joints. 

the  rim-segments  and  bolted  fast  as  in  Fig.  326  VI. — the  arms 
having  the  cross-shaped  section  seen  in  Fig.  210;  but  it  is  now 
standard  practice  to  cast  rim  and  arms  together.  A  belt-puUey 
wheel  in  halves  is  seen  in  Fig.  211. 
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(j)  Large  Wheels  in  Segments. — Large  and  heavy  balance- 
wheels  are  usually  constructed  after  the  method  illustrated  in 
Fig.  327.  Li  this  design  we  note  first  that  the  hub  is  in  halves, 
divided  by  a  plane  perpendicular  to  the  axis  of  the  shaft.  Between 
the  flanges  on  these  halves  the  inner  ends  of  the  arms  are  securely 
fastened  by  closely  fitted,  heavy  bolts.  The  unit  division  of  the 
body  of  the  wheel  is  one  arm  with  its  segment  of  the  rim,  this  being 
likewise  of  cast  iron.  The  rim  joints  are  made  with  heavy  I  links. 
The  rim-center  is  reinforced  by  side  plates  of  cast  steel :  of  these, 
each  section  covers  the  angle  of  two  arm-spaces,  and  they  break 
joint  on  the  two  sides  so  that  there  is  nowhere  more  than  one 


Fio.  327. — ^Twenty-eight-foot  Wheel  for  vertical  Corliss  engine,  42"  and  86" 
by  60".     Scale  1  to  84. 

link-joint  at  any  cross-section  of  the  rim.  The  whole  rim  is  strongly 
fastened  together  by  stout  pins,  which  are  forced  into  reamed 
holes  by  hydraulic  pressure,  then  riveted  cold. 

As  regards  circumferential  strength  against  centrifugal  force, 
each  of  the  three  divisions  of  the  rim  is  a  self-supporting  ring, 
held  together  by  its  own  I  bolts:   but  besides  this,  through  the 
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riveting  of  the  sections  together,  the  excess  strength  of  two,  between 
their  joints,  compensates  for  the  loss  of  strength  of  the  one  which 
is  reduced  in  section  at  its  joint;  so  that  the  structure  as  a  whole 
has  a  higher  efficiency  than  any  one  of  its  circular  elements.  Here 
"efficiency"  has  the  same  meaning  as  in  the  discussion  of  riveted 
joints,  being  the  ratio  of  the  least  effective  cross-section  to  the 
full  section  of  the  rim. 

Sometimes  these  large  wheels  are  made  with  a  core  or  center  to 
the  rim,  as  here,  and  side  rings  built  up  with  several  layers  of 
rolled  plate.  The  segments  of  these  rings  are  simply  butted 
together,  without  tie-links,  so  that  circumferential  strength  is 
wholly  a  matter  of  shear  upon  the  through-pins.  Further,  to 
avoid  having  several  joints  in  the  same  cross-section,  either  the 
segments  must  subtend  a  large  angle,  or  there  must  be  a  great 
many  rivets  so  that  the  joints  can  be  separated  by  very  small 
angles.  Finally,  the  rolled  plates  are  Ukely  not  to  be  true  enough, 
in  thickness  or  in  flatness,  to  make  a  really  neat  job  without  being 
planed.  For  these  reasons,  the  method  in  Fig.  327  seems  to  be 
generally  preferred.  Quite  often,  however,  the  arms  and  rim- 
center  are  of  cast  steel,  the  arms  being  then  cast  solid;  and  the 
imit  is  frequently  two  arms  with  their  share  of  the  rim. 

(k)  Strains  in  Fly-wheel. — In  general,  there  are  two  major 
force-actions  in  fly-wheels,  due  to  centrifugal  force  and  to  angular 
inertia.  The  resistance  of  the  rim  to  radial  force,  considering  it 
as  a  simple  ring,  has  been  discussed  in  §  36  (i) ;  where  the  fact  was 
brought  out  that  the  circumferential  stress  depends  simply  and 
only  upon  the  linear  speed  of  the  rim.  It  is  easy  to  remember 
that  this  speed  is,  in  usual  practice,  somewhere  near  a  mile  a 
minute  or  90  ft.  per  second.  In  the  ordinary  wheel,  the  rim  is 
held  in  by  the  arms,  as  well  as  by  its  own  tensile  strength;  to  some 
extent  this  action  is  helpful;  but  it  also  favors  the  development 
of  bending  stress  in  the  rim,  since  the  parts  between  the  arms  now 
have  some  tendency  to  bulge  outward.  This  last  action  is  of  more 
importance  in  broad,  thin  belt-pulley  rims  than  in  the  balance- 
wheel  type. 

Whatever  turning  moment  is  transmitted  from  the  shaft  to  the 
wheel-rim  is  carried  through  the  medium  of  bending  stresses  in 
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the  arms.  This  moment  will  be  the  whole  torque  upon  the  crank 
when  the  engine  is  belt-loaded;  with  other  types  of  load,  only  the 
unbalanced  moment  acts  upon  the  wheel.  When  the  arm  is  cast 
with  the  hub,  as  in  Figs.  325  and  326,  it  is  in  the  condition  of  a  beam 
fixed  at  both  ends.  When  bolted  at  the  hub,  as  in  Fig.  327,  it 
must  be  considered  as  having  more  or  less  freedom  at  the  inner  end, 
unless  the  bolts  are  very  strong  and  very  tightly  fitted  and  screwed 
up  hard.  If  there  is  freedom  at  the  hub,  then  the  arms  must  be 
held  against  bending  mostly  or  altogether  by  the  rim:  which  is  a 
reason  why  large  belt-wheels  should  be  strongly  ribbed  inside  the 
rim,  to  resist  a  bending  load,  and  why  the  type  of  construction 
exemplified  by  Fig.  326  VI.  fa  not  a  good  one. 

An  important  incidental  advantage  to  making  large  wheels  in 
a  number  of  pieces  fa,  that  they  are  then  freed  from  shrinkage 
strains,  which  are  likely  to  be  very  severe  in  large  and  complicated 
castings. 

Occasionally  large  wheels  are  built  up  from  structural-steel 
shapes,  riveted  or  bolted  together;  although  thfa  type  of  construc- 
tion belongs  rather  to  large  winding-drums  than  to  fly-wheels. 

Of  the  accidents  that  occur  in  factory  steam-plants,  bursting 
of  the  fly-wheel  comes  next  after  explosion  of  the  boiler  as  to 
frequency  and  as  to  the  severity  of  its  effects.  It  fa  due  usually 
to  defect  or  failure  of  the  speed-regulating  apparatus — ^which 
apparatus  will  be  discussed  in  Chapter  X. 

(Z)  Air-resistance  to  WheeltMovement. — Cast  wheefa  are 
now  always  made  with  arms  of  elliptical  section,  so  as  to  meet  as 
little  air-resistance  as  possible:  nevertheless,  the  fan-effect  of  a 
large  wheel  at  high  speed  is  very  considerable,  and  some  engineers 
have  gone  so  far  as  to  enclose  the  wheel  with  a  smooth  casing  of 
sheet-metal,  from  rim  to  hub,  so  that  it  will  not  waste  energy  in 
churning  air. 


CHAPTER  IX. 


VALVE-GEARS  AND  THEIR  ACTION. 

§  46.  The  Simple  Eccentric-driven  Valve. 

(a)  Valve-movement.  —  The  general  form  of  this  simplest 
type  of  valve-gear  is  sufficiently  illustrated  in  §  3;  and  the  de- 
scription of  its  action  there  given  will  sen^e  as  an  introduction 
to  the  discussion  now  to  be  taken  up.  Our  first  task  will  be  to 
develop  convenient  geometrical  methods  for  showing  the  move- 
ment of  the  valve,  or  for  determining  its  position  corresponding 
to  any  position  of  the  crank  or  of  the  piston. 

The  eccentric-rod  is  usually  so  long,  in  comparison  with  the 
radius  of  the  eccentric,  that  the  valve  receives  practically  har- 
monic motion:  then,  for  kinematic  study,  the  whole  mechanism, 
including  the  crank,  may  be  "reduced"  to  the  form  shown  in 
Fig.  331,  This  is  a  modification  of  Fig.  106;  and  by  placing 
the  slide  beneath  the  eccentric-circle  we  emphasize  the  fact  that 
the  distance  of  the  valve  from  its  mid-position,  or  MV,  is  the 
same  as  the  distance  SE  of  the  eccentric-center  E  from  the 
vertical  center-line  SO.  The  position  of  the  valve  is  defined  by 
giving  this  distance,  measured  to  the  right  or  left:  we  shall  call 
it  the  valve-travel,  and  denote  it  by  t. 

Now  the  movement  of  the  valve  is  determined  by  the  rotating 
eccentric  (really  a  small  crank),  just  as  that  of  the  piston  is  deter- 
mined by  the  crank:  and  the  relations  as  to  velocity  and  accelera- 
tion derived  in  §  33  (b)  and  (c)  apply  equally  well  to  the  valve- 
slide,  if  a  is  taken  to  be  the  position-angle  of  the  eccentric,  meas- 
ured from  the  left-hand  dead-center. 
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(b)  Movement  Diagrams. — ^In  order  to  get  the  valve-travel 
corresponding  to  any  crank-position,  knowing  the  eccentric-angle 
d  or  COE  in  Fig.  332,  we  must  measure  forward  this  angle  d  and 
find  the  length  of  ES  or  t.  But  a  truly  serviceable  diagram  should 
give  t  directly  from  the  crank-angle,  without  the  bother  of  re- 
peatedly laying  off  d.  One  diagram  meeting  this  requirement 
is  derived  in  Fig.  332,  where  the  figure  made  up  of  the  reference- 
line  GH,  the  eccentric-radius  OE,  and  the  Mine  ES  is  rotated 


Fig.  331. — ^The  Valve-mechanism 
Reduced. 


Fio.  332.— The  Reuleaux 
Diagram. 


backward  about  O  through  the  angle  d.  Then  GH  takes  up  the 
constant  position  MN,  while  OE  coincides  with  the  crank;  and 
the  perpendicular  DF  gives  the  value  of  t.  If  measured  upward 
from  MN,  parallel  to  OP,  t  is  toward  the  right,  or  plus;  if  down- 
ward, or  in  the  direction  OQ,  it  is  toward  the  left,  or  minus.  This 
is  the  Reuleaux  or  ordinate  diagram  of  valve-movement. 

The  derivation  and  form  of  the  Zeuner  or  polar  diagram  are 
given  in  Fig.  333.  We  first  develop,  at  I.,  a  new  way  of  represent- 
ing the  motion  of  the  slide  in  terms  of  that  of  the  driving  crank- 
arm  (here  the  eccentric-arm  OE),  as  follo\N^: 

On  the  line  OB,  which  is  the  right-hand  dead-center  position 
of  the  eccentric,  draw  the  circle  OFB  with  r  or  OE  as  its  diameter. 
Then  the  intercept  OF,  cut  from  OE  by  this  circle,  is  equal  to  t; 
for  the  right-angled  triangles  OBF,  EOS,  are  always  equal,  hence 
also  the  sides  OF  and  ES.      Inspection  of  the  figure,  or  a  few  trial 
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constructions,  will  show  that  when  the  eccentric  lies  across  this 
circle,  so  that  the  intercept  OF  is  cut  from  it  directly,  the  valve 
is  to  the  right:  but  when  the  eccentric  has  to  be  produced  back 
through  O  in  order  to  cross  the  circle — that  is,  when  it  is  an^^where 
in  the  senucircle  HAG — then  the  valve  is  to  the  left.  Now,  just 
as  in  Fig.  332,  we  change  from  a  diagram  in  terms  of  eccentric- 
position  to  one  in  terms  of  crank-position,  by  rotating  backward 
about  O,  through  the  angle  d,  the  figure  made  up  of  the  circle 
OFB  and  the  eccentric-radiiis  OE.  Then,  in  II.,  the  circle  takes 
a  constant  position  on  the  diameter  OD,  and  the  eccentric  is 
brought  into  continual  coincidence  with  the  crank.    The  inter- 


Fio.  333.— The  Zeuner  Diagram. 

cept  OF  cut  from  the  crank  by  the  valve-circle  measures  t,  to  right 
or  left  as  pointed  out  above. 

The  geometry  of  both  these  diagrams  is  very  simple:  but 
practice  and  familiarity  are  needed  to  give  facility  in  using  and 
understanding  them.  A  simple  model,  in  which  the  crank-eccen- 
tric COE  is  made  actually  to  rotate  over  either  diagram,  is  a  help 
at  first  in  making  it  clear  that  the  perpendicular  DF  in  Fig.  332, 
or  the  intercept  OF  in  Fig.  333  II.,  is  always  equal  to  ES.  But 
after  this  has  been  clearly  realized,  the  eccentric  should  be  dis- 
carded, and  the  diagrams  thought  of  only  as  showing  a  direct 
relation  between  crank-angle  and  valve-position.  Not  only  do 
these  diagrams  give  the  length  and  direction  of  t,  but  we  can  see 
which  way  the  valve  is  moving  by  noting  whether  t  increases 
or  diminishes  as  the  crank  advances,  and  can  get  an  idea  of  the 
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velocity  of  the  valve  by  noting  whether  t  is  changing  rapidly  or 
slowly. 

(c)  Rules  for  Drawing  the  Diagrams. — It  is  obvious  that 
if  the  eccentric  be  placed  on  its  right-hand  dead-center  OB — 
when  t  will  have  its  geatest  plus  value — the  crank  will  be  perpen- 
dicular to  the  bafle-Une  MN  of  the  Reuleaux  diagram,  and  will 
lie  along  the  valve-circle  diameter  of  the  Zeuner  diagram.  Then 
a  rule  for  constructing  the  Reuleaux  diagram  would  be:  Draw 
an  eccentric-circle,  of  radius  r;  place  the  eccentric  on  its  plus 
dead-center  and  draw  a  diameter  at  right-angles  with  the  corre- 
sponding position  of  the  crank:  this  wall  give  the  base-line  and 
determine  the  direction  of  -\-t  For  the  Zeuner  diagram,  place  the 
eccentric  on  its  plus  dead-center,  and  on  the  corresponding  crank- 
line  measure  off  r  and  draw  a  valve-circle  on  this  radius  as  a 
diameter.  These  rules  become  general  if  we  make  the  following 
assumptions:  Let  the  initial  dead-center,  from  which  to  estimate 
crank-angle,  be  that  for  which  the  piston  is  farthest  from  the 
crank-shaft;  let  t  be  considered  plus  when  it  is  from  mid-position 
toward  the  shaft;  and  let  the  eccentric-angle  S  be  always  measured 
from  crank  toward  eccentric,  in  the  direction  of  rotation  of  the 
shaft:*  then  no  matter  which  way  the  engine  stands  or  runs, 
and  whether  or  not  the  lines  of  piston-stroke  and  valve-stroke 
agree,  the  above  rules,  and  the  direction-meanings  of  t  as  there 
stated,  hold  true. 

Problem  1.  With  values  of  d  near  the  middle  of  each  of  the  four 
quadrants  from  0°  to  360^,  draw  motion  diagrams  of  both  kinds,  and 
show  on  each  the  crank-positions  where  the  valve  is  at  mid-stroke  and 
where  t  has  its  greatest  plus  and  minus  values.  In  some  of  these  dia- 
grams, take  the  engine  conditions  to  be  other  than  those  of  Fig.  110, 
as  to  position  and  as  to  direction  of  turning. 

Problem  2. — For  given  values  of  r  and  ^,  draw  a  Reuleaux  and  a 
Zeuner  diagram:  and  on  each  find  where  the  crank  is  when  i^+Jr 
and  t^—ir. 

(d)  The  Complete  Valve-diagram.  —  Having  established 
methods  for  completely  representing  and  determining  the  move- 

*  An  exception  to  this  statement  of  general  conditions  is  found  in  the 
case  of  the  locomotive  engine  as  usually  viewed. 
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ment  of  the  valve,  we  shall  next  consider  how  this  valve,  moving 
back  and  forth  over  the  ports,  effects  the  steam-distribution. 
In  Fig.  334  I.,  a  conmion  slide-valve  is  shown  in  mid-position  on 
its  seat;  and  the  controlling  dimensions,  besides  r  and  d  as  repre- 
sented at  II.,  are 

»= outside  lap,  or  steam-lap; 
i= inside  lap,  or  exhaust-lap. 

Complete  valve-diagrams  for  the  left  port,  or  for  the  head  end 
of  the  cylinder,  according  to  the  two  methods,  are  given  at  III. 
and  IV.      . 

When  the  crank  is  at  OM — ^in  IV.  this  line  is  tangent  to  the 
valve-circle,  so  as  to  have  a  zero-intercept — the  valve  is  in  mid- 
position.  As  the  crank  advances,  the  valve  moves  toward  the 
right,  the  ^ordinate  being  positive  and  increasing  in  both  figures: 
when  C  gets  to  Q,  where  <=Qq  =  cO  =  «,  the  valve-edge  and  port- 
edge  are  just  in  line,  or  the  port  is  just  beginning  to  open.  For 
the  crank  on  dead-center,  the  valve  takes  the  position  shown 
at  V. ;  the  travel  is  t^  and  the  port  is  open  by  the  small  amount  e, 
which  is  called  the  lead.  When  the  crank  is  at  any  position  OC, 
to  which  VI.  corresponds,  we  have  ^  =  CF=EO:  and  it  is  evident 
that,  in  general,  the  port-opening  is  equal  to  (t—s).  In  order  to 
make  a  graphical  subtraction  of  s  from  t,  we  draw  in  III.  the  lap- 
line  QR  parallel  to  MN  at  the  distance  s;  and  in  IV.,  draw  the 
lap-circle  cKd,  with  s  as  radius.  Then  the  segment  QDR  and 
the  crescent  cDd  are  identical  diagrams  of  port-opening.  We 
see  that  admission  begins — or,  we  **have  admission" — at  Q, 
maximum  opening  is  at  D,  while  cut-off  takes  place  at  R.  It  is 
evident  that  the  determining  of  admission  and  cut-off  is  simply 
a  matter  of  finding  crank-positions  for  which  the  valve  is  at  a 
certain  distance  from  mid-position. 

After  the  crank  passes  R,  the  valve  keeps  on  moving  back 
from  the  right — as  is  shown  by  a  plus  but  decreasing  t — until 
it  gets  to  mid-position  again  when  the  crank  is  at  ON:  then  it 
goes  toward  the  left,  and  soon  opens  the  exhaust-port,  this  occur- 
ring when  i=— i.  The  beginning  and  end  of  exhaust,  or  "re- 
lease" and  "compression,"  as  also  the  port-opening  during  ex- 
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haust,  axe  found  by  drawing  the  exhaust  lap-line  TS  or  the  inside 
lap-circle  fOe.  In  IV.,  instead  of  using  only  the  plus  valve-circle 
on  OD,  we  save  overlapping  by  drawing  another  valve-circle 
on  OD',  for  which  the  direct  intercept  shows  left-hand  or  minus 
travel.  This  is  convenient  but  not  necessary,  for  it  is  evident 
that  OT  is  determined  equally  well  by  either  intersection,  e  or  e'. 
In  finding  release  and  compression  from  the  Zeuner  diagram, 
the  beginner  is  likely  to  confuse  the  intersections  of  valve-circle 
and  inside  lap-circle,  especially  when,  as  is  usual,  only  the  one 
valve-circle  is  drawn.  Keep  clearly  in  mind,  not  only  that  the 
valve  must  be  at  a  certain  distance  for  one  of  these  events,  but 
also  to  which  side  it  must  be,  and  which  way  it  must  be  moving. 
Thus,  with  the  positive  valve-circle  alone,  if  we  were  to  draw 
a  crank-line  from  0  through  f  for  the  release-position,  we  should 
make  a  mistake:  for  while  the  valve  is  at  the  distance  i,  it  is 
toward  the  right;  whereas  it  should  be  to  the  left  and  moving 
to  the  left,  as  is  the  case  when  the  crank  is  at  eOT.  For  these 
short-lap  measurements  the  Reuleaux  diagram  is  clearer  and 
more  accurate  than  the  Zeuner. 

On  the  exhaust  side  of  this  valve  there  is  over-travel;  for  if 
.we  measure  off  the  port-width  6,  and  draw  VW  parallel  to  ST, 
and  the  circle  hkg  at  the  distance  b  from  the  lap-circle,  we  see 
that  the  valve  travels  more  than  enough  fully  to  open  the  port. 
Sometimes  there  is  a  slight  over-travel  on  the  steam  side:  but 
more  frequently — ^and  most  of  the  time  in  single-valve  gears 
with  variable  cut-off — the  maximum  opening  for  admission  is 
much  less  than  the  width  of  the  port. 

For  the  other  port,  or  the  other  end  of  the  cylinder,  the  events 
and  conditions  are  diametrically  opposite  to  those  shown,  with 
a  symmetrical  valve:  if  the  laps  are  not  equal,  they  must  be  drawn 
in,  and  the  required  intersections  found.  Generally,  both  sets 
of  lap-lines  should  be  drawn  on  a  Reuleaux  diagram,  dotting 
those  for  the  crank  end.  But  in  the  Zeuner  diagram,  we  usually 
draw  only  the  one  valve-circle;  and,  for  equal  laps,  the  same 
circle  serves  for  both  ports. 

Problem  3. — For  given  values  of  r,  9,  5,  t,  and  b,  draw  a  complete 
diagram  by  each  method,  showing  on  it  the  steam -distribution — espe- 
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cially  admission,  cut-off,  release,  and  compression — for  both  ends  of 
the  cylinder;  and  test  for  completeness  of  opening  and  for  over-travel 
on  both  steam  and  exhaust  sides. 

(e)  Valve  and  Piston  Diagrams. — Having  established  simple 
methods  for  finding  the  relation  between  the  positions  of  the  valve 
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Fig.  334.^Valve-diagrams. 

and  of  the  crank,  our  next  step  is  to  extend  these  to  the  valve 
and  piston.  The  primary,  detennining  diagrams  are  shown  in 
Fig.  335,  where  the  valve-diagram  (of  either  form)  is  combined 
with  the  piston-position  diagram  from  Fig.  Ill:  then  DC  and 
CF  are  simultaneous  determinations.    The  distortion  from  sym- 
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metrical  steam-distribution  caused  by  the  action  of  the  connecting- 
rod,  notably  the  mequality  in  the  cut-offs,  is  well  brought  out' 


Fig.  335. — Combined  Diagrams  for  Valve  and  Piston. 

by  this  figure;  but  can  be  rather  more  clearly  seen  on  the  derived 
diagram  given  as  Fig.  336,  where  the  valve-travel  is  plotted  on 
the  stroke-line  as  a  base. 


Fig.  336.— The  Valve-ellipae. 

The  curve  got  by  this  method  is  elliptical  in  form,  and  with 
harmonic  motion  for  the  piston  as  well  as  the  valve  it  is  a  true 
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ellipse.  The  effect  of  the  connecting-rod  is  here  shown  by  dotting 
in  parts  of  the  simpler  curve.  The  lap-lines  are  now  drawn  parallel 
to  MN:  and  the  four  events,  admission,  cut-off,  release,  and  com- 
pression, are  located  by  the  intersections  marked  A,  B,  C,  and 
D,  respectively.  Dotted  lines  and  primed  letters  are  for  the 
crank  end  of  the  cylinder. 

In  order  to  equalize  the  cut-offs,  making  them  the  same  as  with 
harmonic  piston-movement,  the  laps  would  have  to  be  changed 
to  the  values  s^  and  »2»  as  marked  on  the  figure.  This  would 
reduce  the  lead — ^which  is  shown  by  the  distance  from  Q  to  the 
point  where  the  curve  is  tangent  to  the  end-line — almost  to  zero 
at  the  head  end,  while  nearly  doubling  it  at  the  crank  end,  besides 
changing  the  widths  of  the  port-openings  all  through  both  ad- 
mission-periods. A  diagram  of  this  type  furnishes  the  most 
satisfactory  data  for  a  comparison  of  valve-action  with  realized 
steam-distribution,  as  shown  by  the  indicator;  and  this  matter 
of  symmetry  of  action  will  be  more  fully  discussed  farther  on. 

For  an  autographic  diagram,  to  be  drawn  by  the  engine  and 
to  serve  as  a  test  of  the  working  of  the  valve-gear,  especially  with 
releasing  gears  of  the  Corliss  and  similar  t)T)es,  this  elliptical 
curve  is  the  most  convenient,  the  motions  necessary  in  the  appara- 
tus being  the  same  as  in  the  steam-engine  -indicator.  With  a 
device  of  geater  complexity,  and  requiring  careful  adjustment,  it  is 
also  possible  to  draw  autographic  diagrams  of  the  Zeuner  type. 

Another  way  of  representing  the  travel  of  the  valve  with  refer- 
ence to  that  of  the  piston  is  shown  in  Fig.  337,  where  two  dis- 
placement-curves like  Fig.  125  II.  are  laid  out.  Of  course,  the 
two  movements  are  shown  separately  and  are  related  through 
the  crank-angles,  as  in  Fig.  335;  but  the  relation  is  simpler  and 
more  direct.  Where  the  valve-travel  must  be  found  by  laying 
out  successive  positions  of  a  complex  mechanism,  instead  of  being 
got  from  a  simple  primary  diagram  as  in  Fig.  335,  this  last  method 
collects  the  results  into  what  is  probably  the  most  useful  form. 

(3urve  I.  shows  the  travel  of  the  piston  along  its  stroke-line, 
the  latter  being  represented  by  the  whole  ordinate  between  MO 
and  NP;  which  is  divided  into  ten  equal  parts  by  the  horizontal 
ruling,  for  convenience  in  locating  positions  on  the  stroke.    By 
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drawing  in  the  lap-lines  on  II.,  we  get  the  whole  steam-distribution, 
the  important  intersections  having  the  same  lettering  as  on  Fig. 
336.  The  corresponding  piston-positions  are  determined  by  draw- 
ing vertical  lines  through  A,  B,  C,  etc.,  to  curve  I. 

Having  now  applied  to  a  simple  example  the  available  methods 
of  graphic  analysis  and  representation,  we  will  next  take  up  a 
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Fig.  337. — ^Developed  Diagrams. 

study  of  some  of  the  principles  which  influence  the  form  and  action 
of  the  valve-gear. 

(/)  Lap,  Lead,  and  Angle  of  Advance. — The  evolution  of 
the  engine-valve  is  illustrated  in  Fig.  338.  The  simplest  possible 
case  is  shown  at  L,  where  the  valve  just  covers  the  port  when 
in  mid-position,  and  is  driven  by  an  eccentric  at  right-angles  to 
the  crank,  so  that  its  mid-position  coincides  with  the  dead-center. 
Thiia  arrangement  has  the  very  decided  fault  that  the  admission 
IS  too  long;  the  port  being  open  during  the  entire  half-revolution, 
or  the  whole  stroke  of  the  piston,  as  shown  by  the  Reuleaux  dia- 
gram at  IL 

To  shorten  the  period  of  opening,  the  first  step  is  to  give  the 
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valve  a  lap,  so  that  it  will  not  uncover  the  port  until  the  eccentric 
has  turned  through  a  certain  angle  from  the  vertical,  and  will 
close  it  at  the  same  angular  distance  before  the  other  mid-position, 
as  in  III.  Along  with  this  change,  the  eccentric  must  be  ad- 
vanced beyond  the  position  at  right-angles  to  the  crank,  so  that 
when  the  latter  is  on  dead-center  the  valve  will  be  at  a  distance  • 
from  its  mid-position  equal  to  the  lap  plus  the  lead.  The  effect 
upon  the  diagram  is  shown  at  IV.:  in  V.  the  valve  is  sketched; 


Fio.  338.— Evolution  of  the  Valve. 


and  what  is  often  called  the  angle  of   advance,   T=^(S—So))  ^^ 
(^—90°)  in  the  usual  engine,  is  determined  by  the  relation 

OD=»+e=rsin(*-90) (311) 

An  important  deduction  from  this  figure  is,  that  if  the  ad- 
mission is  to  be  very  short,  the  lap  must  be  very  large  relative 
to  the  radius,  and  the  width  of  port-opening  correspondingly 
small.  This  matter,  together  with  the  changes  in  the  action  of 
the  valve  on  the  exhaust  side,  will  be  considered  when  we  come 
to  valve-gears  with  a  variable  eccentric. 
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(g)  Two  Types  of  Valves. — ^There  are  two  typical  forms  of 
the  slide-valve,  the  flat  and  the  piston  form,  and  these  are  made 
with  a  great  variety  in  detail.  Examples  of  both  have  been 
shown  in  the  last  chapter,  and  a  more  detailed  description  will 
be  found  in  §  54.  Another  distinction  now  to  be  drawn,  and  one 
having  to  do  rather  with  the  present  side  of  the  subject,  is  illus- 
trated in  Fig.  339.  The  first  arrangement,  having  the  live  steam 
at  the  ends  and  the  exhaust  in  the  middle,  as  in  the  plain  flat 


Fig.  339. — ^Direct  and  Indirect  Valves. 


valve,  is  called  the  direct  valve;  the  second,  with  the  steam  in 
the  middle  and  exhaust  past  the  ends,  and  with  the  laps  inter- 
changed accordingly,  is  called  indirect.  Another  way  of  defin- 
ing the  two  types  is  to  say  that  they  have  respectively  outside 
and  inside  admission.  And  a  general  distinction,  applying  equally 
well  to  single,  separate-function  valves,  is  expressed  by  stating 
that  the  direct  valve  opens  inward,  moving  toward  the  middle 
of  the  cylinder,  the  indirect  valve  opens  outward — referring  par- 
ticularly to  the  steam-edge  at  either  end.  In  other  words,  the 
direct  valve  opens  the  port  by  moving  in  the  direction  of  the 
piston-stroke  for  which  this  opening  is  a  preparation,  while  the 
indirect  opens  against  the  stroke  and  closes  with  it. 

The  effect  upon  the  position  of  the  eccentric,  due  to  a  change 
from  the  direct  to  the  indirect  valve,  is  shown  in  Fig.  340:  the 
necessary  reversal  of  each  valve-travel  distance  is  secured  by 
reversing  the  eccentric  in  II.  into  a  position  diametrically  opposite 
to  that  which  it  occupies  in  I.  These  are  the  characteristic  eccen- 
tric-settings for  the  two  types  of  valves.  In  II.  it  is  simpler  to 
estimate  5  as  a  negative  angle,  rather  than  to  measure  it  all  the 
way  round  in  the  plus  direction. 
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(h)  Effect  of  a  Reversing  Rocker-arm.  —  Sometimes  a 
rocker-arm  pivoted  at  or  near  the  middle  is  interposed  between 
the  eccentric  and  the  valve,  as  is  the  case,  for  instance,  in  the 


/r 


°0 
Fia  340.— The  Two  Eccentric-settings. 

engine  shown  in  Figs.  2  and  4.  The  result  of  this  is  brought  out 
in  Fig.  341,  which  is  drawn  for  the  locomotive,  where  the  cylinder 
and  axle  interchange  the  characteristic  positions  for  the  sta- 
tionary engine,  as  given  in  Fig.  110,  but  the  zero  dead-center  is 
still  taken  at  the  left.  To  compensate  for  the  reversal  of  motion 
by  the  rocker-arm,  the  eccentric  must  be  diametrically  reversed 
on  the  shaft;  so  that  with  a  direct  valve  it  has  the  setting  proper 


Fig.  341. — ^The  Reversing  Rocker-arm. 

to  the  indirect,  and  vice  versa.  In  this  case,  however,  it  is  usual 
to  disregard  the  double  reversal  in  the  mechanism,  and  to  draw 
the  valve-diagram  as  for  a  direct-connected  eccentric,  in  the  usual 
position.  It  is  evidently  from  its  analogy  to  this  effect  upon 
the  eccentric-setting  that  the  name  "indirect  valve"  is  derived. 

(0  Engine  with  Separate  Stroke-lines. — The  occasional 
design  in  which  the  stroke-line  A'B'  of  the  valve  makes  an  angle  fi 
with  that  of  the  piston  is  typified  in  Fig.  342.  The  primary  posi- 
tion of  the  eccentric,  for  the  conditions  of  Fig.  338  I.  and  II., 
is  now  OG',  perpendicular  to  A'B'.    Following  the  usual  rule 
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of  placing  the  eccentric  on  its  plus  dead-center  OB',  we  get  OD, 
and  have  the  angle-relations  shown  at  I. 

These  relations  are  applied  in  II.,  which  also  shows  the  char- 
acteristic position  of  the  diagram  with  an  indirect  valve.  The 
data  for  the  figure  are  r,  «,  and  6,  besides  the  angle  j9.  Keeping 
to  our  established  convention  in  the  matter  of  directions,  this 
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Fio.  342.— The  Case  of  Separate  Stroke-lines. 

valve  must  have  a  negative  travel  i=(«+e)  for  the  crank  at  OA, 
Measuring  this  off  to  F  and  drawing  the  perpendicular  FD,  we 
locate  the  valve-circle.  The  angle  d  is  now  B'OD,  instead  of 
BOD  as  in  the  usual  arrangement. 


§  47.  Geometry  of  the  Valve-diagrams:  Valve-gear  Problems. 

(a)  Proof  op  the  Movement  Diagrams. — ^Besides  the  simple 
deductions  of  Figs.  332  and  333,  proofs  with  more  of  the  usual 
geometrical  reasoning  in  them  will  now  be  given.  In  both,  a 
direct  relation  is  established  between  the  actual  valve-travel,  as 
determined  by  the  eccentric-distance,  and  the  corresponding 
ordinate  of  the  diagram  in  terms  of  crank-position. 

In  Fig.  343,  the  right-triangle  OES,  whose  side  ES  is  t,  is  placed 
upon  the  crank,  in  the  position  OCF.  When  the  crank  was  on  its 
zero  dead-center,  at  OA,  the  eccentric  was  at  OE,,;  and,  since  COE 
is  a  rigid  figure,  the  angles  AOC  and  E^OE  must  both  be  a.  The 
subtraction  of  a  from  COM  leaves  the  constant  angle  A0M=7'  = 
(^— ^o);  ^r  the  angle  of  advance.      This  angle  being  constant. 
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all  the  OCF-triangles  will  have  their  bases  on  the  same  line  MN; 
and  a  perpendicular  upon  this  line  from  C,  being  always  the  other 
side  of  the  triangle,  will  be  equal  to  ES  or  L 

^      ^  0     G 


H  H 

Fig.  343. — ^Proof  for  the  Reuleaux  Diagram. 

For  the  Zeuner  diagram,  the  triangle  OTE,  between  the  eccen- 
tric and  the  stroke  line>  is  placed  at  OFD,  with  its  side  OT  or  t 
resting  on  the  crank  as  OF.  Then  since  COE=d  and  COD  is  the 
same  as  EOT,  we  get 

(8  -  COD) + EOT=:  DOT=  d: 

which  shows  that  no  matter  what  the  crank-angle  AOC,  the  hypot- 
enuse OD  of  the  right-triangle  will  have  a  definite,  constant  posi- 


''^-B 


Fig.  344. — ^Proof  for  the  Zeuner  Diagram. 

tion;  and  the  apex  F  will  then  be  on  a  circle  of  which  OD  is  the 
diameter. 

In  these  figures,  the  relations  are  also  traced  out  for  positions 
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Fio  345  — Geometrical  Relations 


where  t  is  minus,  or  to  the  left:  and  good  practice  in  the  method 
can  be  got  by  applying  it,  with  the  same  proportions  of  COE,  to 
crank-positions  in  the  second  and  fourth  quadrants 

(6)  Geometrical  Relations. — Certain  goemetrical  properties 
of  the  valve-diagrams,  which  have  frequent  application  in  problems 

upon  the  working  of  the  valve 
as  represented  by  these  diagrams, 
are  illustrated  in  Fig.  345. 

1.  If  the  crank  be  placed  on 
its  zero  dead-center  OA,  the  par- 
ticular position  OE  of  the  eccen- 
tric-radius and  the  line  OD  will 
be  symmetrical  with  respect  to 
the  vertical  GH.  And  if  the 
crank  be  turned  .to  OB,  then 
OE'  and  OD  are  symmetrical 
with  respect  to  AB. 

2.  By  drawing  the  two  dia- 
grams together,  the  identity  of 

their  determinations  is  made  apparent:  as  also  the  fact  that  a  crank- 
position  dependent  upon  a  short  valve-travel,  as  OS  or  OT,  is 
much  more  accurately  located  by  the  Reuleaux  diagram  than  by 
the  polar.  Even  when  using  the  Zeuner  diagram  alone,  we  make 
an  accurate  determination  of  S  and  T  by  drawing  ST  tangent  to 
the  lap-circle  and  at  right-angles  to  OD. 

3.  A  perpendicular  from  D  upon  AB  cuts  off  a  length  OF 
equal  to  the  steam-lap  plus  the  lead.  Conversely,  if  we  measure 
off  (s-fe)  and  erect  a  perpendicular,  this  line  is  a  locus  of  D.  The 
complementary  relation  for  the  eccentric  is  shown  in  Fig.  338  V., 
and  stated  in  Eq.  (311):  it  is  what  determines  the  eccentric-angle 
d  in  practical  valve-setting,  and  is  used  in  Fig.  342  II. 

4.  The  fact  that  DK  is  tangent  to  the  lap-circle  is  especially 
useful  when  we  have  a  locus  of  D  and  wish  to  draw  the  valve- 
diagram  which  will  give  a  particular  cut-off. 

5.  The  line  DO  bisects  the  angle  of  admission  QOR  and  the 
angle  of  release  TOS. 

6.  A  circle  from  A  with  the  lead  e  as  its  radius  is  tangent  to  the 
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line  QR*  self-evident,  on  the  Reuleaux  diagram,  this  can  be  inde- 
pendently shown  for  the  Zeuner  from  the  equality  of  the  right- 
triangles  AUO,  DFO. 

Any  event  in  the  valve-action  can  be  located  by  giving  either 
the  crank-angle  at  which  it  takes  place,  or  the  corresponding  pis- 
ton-travel with  infinite  connecting-rod.  Thus  the  cut-off  is  fixed 
either  by  the  angle  AOR  or  by  the  ratio  of  AP  to  AB:  but  the 
admission-line  OQ  can  be  located  only  by  the  angle  of  lead,  AOQ 
or  6. 

(c)  Problems  on  the  Simple  Valve-gear. — The  following 
rdsum^  of  the  symbols  used  in  this  discussion  will  be  found  con- 
venient : 

r= radius  of  eccentric,  half  of  total  travel  of  valve. 

Z= length  of  eccentric-rod. 

*= eccentric-angle,  measured    from  crank  toward  eccentric  in 

direction  of  rotation. 
<= valve-travel,  or  distance  from  mid-position  at  any  instant. 
8==  steam-lap,  outside  on  a  direct  valve,  inside  on  an  indirect. 
i= exhaust-lap. 
6= width  of  steam-port. 
e=lead,  measured  in  port-opening. 
€=  angle    of  lead,  plus  when  measured    from    admission-line 

toward  dead-centre. 

*  A  few  practical  problems  will  now  be  given,  all  having  a  direct 
bearing  on  valve-setting  or  design.  Others  can  be  devised,  but 
many  of  them  are  useful  only  as  illustrating  the  geometrical  possi- 
bilities of  the  diagrams. 

Problem  4.  Given  r,  a,  and  e:  find  d  and  cut-off. 

Problem  5.  Given  r,  «,  cut-off,  release:  find  d.  laps,  and  compression. 

Problem  6.  Given  r,  e,  cut-off,  and  compression-  find  d  and  release 

Problem  7.  Given  s^  e,  and  cut-off:  find  r  and  ^. 

(d)  Valve-setting. — The  amount  of  adjustment  possible  after 
the  engine  has  been  designed  and  built  varies  with  the  type  of  valve- 
gear.  In  many  single-valve  engines,  where  the  eccentric  is  carried 
by  a  shaft-governor  or  where  it  is  keyed  to  the  shaft,  everything  de- 
pends on  its  being  correctly  designed   but  sometimes  the  eccentric 
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can  be  rotated  on  the  shaft,  so  as  to  change  the  angle  5,  and  clamped 
in  any  desired  position.  In  most  engines  the  length  of  the  valve-rod 
or  of  the  eccentric-rod  can  be  varied;  and  in  the  more  complex 
valve-gears  there  are  likely  to  be  a  number  of  points  at  which 
this  kind  of  adjustment  can  be  made. 

The  two  conditions  to  be  met  are,  first,  that  the  valve-movement 
shall  be  symmetrical,  so  that  the  steam-distribution  will  be  as 
nearly  as  possible  the  same  for  the  two  ends  of  the  cylinder; 
second,  that  it  shall  be  properly  timed  with  reference  to  the 
motion  of  the  piston. 

With  the  engine  cold  and  the  valve-ehest  open,  the  two  adjust- 
ments, of  rod-Jength  and  of  eccentric-angle,  would  be  made  together 
until  the  leads  were  equal  and  had  the  proper  value — the  engine 
being  repeatedly  placed  first  on  one  dead-center,  then  on  the  other. 
Or,  if  desired,  equality  of  leads  may  be  partly  sacrificed  to  equality 
of  cut-oflfs.  With  the  help  of  the  indicator,  the  valve  can  be  set 
with  the  engine  in  running,  condition,  stopping  it  for  adjustment 
after  each  trial.    This  latter  is,  in  many  cases,  the  final  method. 

(e)  Change  op  Rod-length,— The  effect  of  this  adjustment 
is  shown  in  Fig.  346:  the  dotted  lines  show  83nimietrical  working 

or  equal  laps,  the  full  lines  the  result 
of  lengthening  the  rod,  in  a  direct- 
valve  engine;  two  circles  being  used 
so  as  to  separate  the  indications  for 
the  two  ends.  Referring  to  Fig.  334 
I.,  we  see  that  to  shift  the  mid- 
position  to  the  left  will  increase  « 
and  i',  decrease  i  and  s' — this  nota- 
tion distinguishing  the  ends  just  as 
does  that  used  for  the  events  on  the 
"r^^  diagram.    Then  for  the  head  end. 

Fio  3 16  —Rod-length  Changed,  admission  is  shortened  and  exhaust 

lengthened;  while  the  opposite  effects 
are  produced  in  the  other  end. 

Adjustment  under  the  indicator  is  illustrated  in  Fig.  347.  As 
shown  by  I.,  there  was  quite  an  inequality  in  the  cut-off  and  in  the 
power  developed  in  the  two  cylinder-ends:  this  could  also  be  detected 
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by  the  sound  of  the  exhaust-puflfs.  Through  uncertamty  as  to  the 
type  of  valve,  the  rod-length  was  at  first  altered  in  the  wrong  direc- 
tion, with  the  effect  shown  at  II.  Reversing  this,  and  correcting 
in  the  proper  direction,  the  symmetrical  steam-distribution  shown 
at  III.  was  secured. 


^2 


III. 


Fig.  347. — Valve-setting  with  the  Indicator. 

The  matter  of  proper  setting  of  the  eccentric  will  be  discussed 
in  connection  with  the  Corliss  valve-gear.  In  any  case,  a  thorough 
imderstanding  of  the  working  of  the  mechanism  is  fimdamental  to 
an  intelligent  treatment  of  faults  in  its  operation. 

§  48.  The  Shifting  Eccentric:  Variable  Steam  Distribution. 

(a)  Moving  the  Eccentric-center. — Following  the  Ime  of 
development  suggested  by  Fig.  338  III.  and  IV,,  and  carried 
forward  in  Relation  3  under  Fig.  345,  we  see  that  if  the  center 
of  the  eccentric  be  shifted  along 
a  line  at  right-angles  to  the 
crank-arm,  changing  both  the 
length  and  the  inclination  of  the 
eccentric-radius,  the  cut-off  will 
be  varied  without  changing  the 
lead.  This  fundamental  princi-> 
pie  of  the  whole  class  of  single- ^C 
eccentric  variable  cut-off  engines 
(as  well  as  several  allied  forms) 
is  illustrated  in  Fig.  348. 

The  eccentric  is  supposed  to 
be  carried  on  a  cross-slide  keyed 
to  the  shaft  so  that  the  center 
can  be  moved  along  the  path 
EiEo,  and  is  either  clamped  in  any  particular  position  or  held  in 
place  by  the  governor.     For  the  longest  radius  OEi  the  valve-circle 


FiQ.  348.— Shifting  Eccentric  with 
Constant  Lead. 
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is  on  ODi,-  and  all  the  events,  cut-ofif  at  OR,,  release  at  OTi,  and 
exhaust-closure  at  OSj,  are  late. 

The  intermediate  diagram  is  located  so  as  to  give  cut-off  at 
three-eighths  of  the  stroke^i  by  drawing  KD  perpendicular  to 
the  radius  OR:  and  along  with  the  change  in  cut-oflf  go  smaller 
changes  in  release  and  compression,  all  these  events  being  made 
earlier  by  the  increase  of  8, 


Fig.  349.— The  Shaft-governor. 

The  limit  of  movement  of  the  eccentric  is  usually  at  Eo,  on 
the  crank-line:  and  the  corresponding  steam-distribution  is  shown 
by  the  circle  on  OD,,.  The  very  small  opening  of  the  port,  together 
with  the  great  compression  from  So,  produces  a  steam  diagram 
whose  effective  area  is  not  far  from  zero. 

(6)  The  Shaft-governor. — Usually  the  eccentric  does  not 
work  in  guides  so  as  to  move  along  a  straight  Ime,  but  is  carried 
by  a  part  of  the  governor  which  is  pivoted  on  the  wheel  near  a 
line  parallel  to  the  crank.  A  governor  almost  like  that  on  the 
engine  described  in  Chapter  I.  is  outlined  in  Fig.  349:  it  differs 
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chiefly  in  that  there  is  here  an  actual  eccentric,  surrounding  the 
shaft,  instead  of  a  small  pin  off  the  end  of  the  shaft.  The  whole 
piece  PQ  is  called  the  swinging  eccentric  or  the  eccentric-pendu- 
lum: the  center  E  moves  along  an  arc  struck  from  P,  and  its 
position  is  controlled  by  the  governor,  after  the  manner  explained 
in  §  2  (i). 

The  working  of  the  governor  is  another  subject,  and  will  be 
taken  up  in  the  next  chapter.  For  present  purposes,  all  we 
need  to  know  is  the  shape  of  the  locus  of  E  and  the  limits  of  ils 
length.  The  required  dimensions  are  shown  on  Fig.  350,  where 
the  different  possible  arrangements  are  given  and  a  conventional 
method  is  developed  for  stating,  as  concisely  "as  possible,  the 
essential  data. 


Fio,  350. — The  Eccentrio-pendulum 


With  the  crank-line  CO  and  the  perpendicular  GH  as  axes, 
the  pivot  P  is  located  by  the  co-ordinates  a  and  6,  the  algebraic 
signs  having  the  meanings  indicated.  In  general,  for  any  posi- 
tion of  the  crank,  a  is  plus  from  O  toward  C,  b  is  plus  in  the  direc- 
tion of  the  motion-arrow  through  C.  Then  the  pendulum-radius 
Q  or  PE,  and  the  limiting  eccentric- radius  r^  or  0E„  complete 
the  data.  In  the  absence  of  specific  statement,  E^  is  supposed 
to  be  on  the  line  CO. 

Of  the  four  characteristic  positions  of  P,  numbers  1  and  2  belong 
to  the  direct  valve,  3  and  4  to  the  indirect.  The  offset  6  may 
have  any  value  from  zero  up  to  r^;  making  it  equal  to  half  the 
vertical  projection  of  fj  gives  the  nearest  approximation  to  the 
straight-line  locus  of  Fig.  348.    In  any  case,  drawing  a  line  DF 
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at  a  distance  equal  to  the  steam-lap  s  from  GH  will  show  clearly 
how  the  lead  will  vary  as  E  changes  its  position. 

(c)  Diagrams  from  an  Automatic  Cut-off  Engine. — In  the 
example  worked  out  in  Fig.  351,  the  data  are:  a=  +5i",  6=  +1J", 
Q  =  6J",  ri  =  2f",  s=l",  1=0.  The  eccentric-locus,  from  E^  to 
the  crank-line,  is  divided  into  three  equal  parts,  and  four  Reuleaux 
diagrams  are  drawn,  a  part  of  the  lap-circle  helping  to  locate  the 


Fio.  351. — Valve-diagrams  from  a  Shaft-governor. 

several  lap-lines.  The  change  in  admission  and  cut-off  is  shown 
by  drawing  in  the  corresponding  crank-positions,  while  release 
and  compression  would  be  located  by  simply  extending  the  base- 
lines of  the  diagrams. 

The  curv'es  in  Fig.  352  are  plotted  from  the  diagrams  in  Fig.  351. 
The  four  distances  QE,  Q'E',  NH,  MH',  are  all  equal  to  the  port- 
width  by  which  is  2'':  and  even  with  the  full  stroke  of  the  valve 
the  port  is  not  fully  opened  for  admission,  though  there  is  over- 
travel  on  the  exhaust  side  in  this  one  case.  Curve  No.  3  gives 
only  a  moderately  early  cut-off,  and  yet  we  see  how  small  is  the 
port-opening,  and  how  great  an  effect  can  be  produced  by  even 
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a  slight  change  in  the  length  of  the  valve-rod.  Note  that  in  case 
4,  where  the  eccentric  is  in  line  with  the  crank,  the  motion-diagram 
reduces  to  a  single  line,  which  would  be  straight  with  the  piston  in 
harmonic  motion,  but  is  here  slightly  curved. 

(d)  Problems  on  the  Shaft-governor. — The  following  data 
are  from  actual  engines,  as  were  those  for  Fig.  351.  In  each 
problem,  get  the  eccentric-locus  first,  and  then  draw  valve-diagrams 
for  the  greatest  eccentric-radius  fj,  for  cut-off  at  one-third  of  the 
stroke,  and  for  the  earliest  cut-off.  One-third  is  chosen  because 
it  will  give  an  effective  cut-off,  referred  to  the  boiler-pressure, 
at  about  one-quarter  of  the  stroke;  and  it  is  upon  this  cut-off  that 
the  rated  power  of  the  engine  is  based.  The  Zeimer  diagram  is 
rather  better  for  illustration,  the  Reuleaux  for  accurate  determi- 
nation of  the  whole  movement. 

Problem  8.    Direct  valve,  a  «  + 14",  6  «0,  Q  « 15",  r,  - 1}",  s  -if". 

Problem  9.    Indirect  valve,  a--lj",  6--i",   Q-2J",  r,«lj", 

««lA",t=r. 

Problem  10.  Direct  valve,  a«+5i",  6-+i",  Q«6i",  n=lj", 
«-l",t-i". 

(e)  Width  op  Port-opening. — Ideal  valve-action  would  be 
characterized  by  a  very  quick  (practically  "instantaneous") 
movement  in  opening  and  closing  the  port,  together  with  a  very 
full  width  of  opening.  Fig.  352  shows  how  far  these  require- 
ments fail  of  fulfilment,  especially  when  the  cut-off  is  early.  Let 
us  suppose  that  in  this  particular  engine  the  width  of  the  port 
is  proportioned  so  as  to  give  a  certain  maximum  velocity  of 
steam-flow,  say  200  ft.  per  sec,  after  the  manner  of  §  43  (u).  To 
show  what  width  of  opening  would  give  this  same  velocity  at 
any  point  in  the  stroke,  we  draw  the  dotted  curves  V^  and  V, 
on  Fig.  352,  using  the  factors  in  Table  X.,  which  are,  according 
to  §  35  (d),  ratios  of  piston- velocity  to  crank-pin  velocity  as  well 
as  ratios  of  force.  Equality  between  rate  of  steam-flow  and  rate 
of  piston-displacement  requires  that,  for  a  certain  constant  steam- 
velocity,  the  area  or  width  of  the  port-opening  shall  vary  as  the 
velocity  of  the  piston.  We  therefore  multiply  the  total  width 
by  the  factor  belonging  to  each  crank-angle,  and  lay  off  the  result 
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as  an  ordinate  from  the  lap-line  or  port-edge,  QR,  Q'R',  Here 
the  width  of  port  is  taken  to  correspond  with  the  velocity  at  90®, 
or  that  of  the  crank-pin,  so  that  the  curves  go  just  a  little  way  out- 
side the  line  EF,  E'F'.  One  very  evident  conclusion  is  that  the 
actual  velocity  of  flow  past  the  valve  must  greatly  exceed  the 
assumed  value  of  200  ft.  per  sec,  especially  at  early  cut-oflf,  with 
consequent  large  drop  in  pressure  toward  cut-off.  Another  point 
is,  that  the  opening  ought  to  be  a  little  greater  at  head  end  than  at 
crank  end,  on  account  of  the  somewhat  higher  velocity  of  the 
piston  in  the  first  part  of  the  forward  stroke. 


Fig.  352.— Stroke-line  Diagrams  from  Fig.  351. 

(/)  Symmetrical  Admission. — The  possibility  of  equalizing 
the  cut-oflfs — in  the  sense  of  making  them  take  place  at  the  same 
fraction  of  both  strokes — by  changing  the  laps,  has  been  already 
suggested  under  Fig.  336.  In  Fig.  352,  the  mean  cut-off  for  each 
cur\'e  (or  that  which  would  occur  with  harmonic  motion  of  the 
piston)  is  indicated  by  the  short  cross-lines;  and  it  appears  that 
the  amount  of  change  in  lap  required  varies  with  the  driving 
eccentric.  These  curves  are  re-drawn  in  Fig.  353,  with  the  laps 
changed  so  as  to  give  equality  for  curve  no.  3,  which  will  now 
show  cut-oflf  at  four-tenths  of  each  stroke. 

This  figure  illustrates  excellently  the  important  principle  that 
equaUty  in  the  amounts  of  steam  admitted — a  far  more  essential 
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requirement  than  mere  symmetry  in  valve-events — depends  not 
only  upon  the  length  of  the  period  of  admission,  but  also  upon 
the  width  of  opening.  The  throttling  effect  would  now  be  so 
much  greater  in  the  head  end  than  in  the  crank  end  that  the  steam 
diagram  would  be  much  smaller  in  area. 

With  small  openings,  the  diagram  will  be  very  sensitive  to 
slight  changes;    so  that,  in  adjustment  under  the  indicator,  it 


+ v» 

Fig.  353— Cut-offs  Equalized. 

would  be  found  that  only  a  minute  alteration  from  the  conditions 
in  Fig.  352  would  be  needed  to  make  the  admissions  equal  for 
the  smaller  powers  of  the  engine. 

(g)  Indicator  Diagrams. — To  illustrate  the  matters  just  dis- 
cussed, and  also  to  show  the  characteristic  action  of  a  valve-gear 
with  shifting  eccentric,  the  set  of  diagrams  in  Fig.  354  is  derived 
from  Fig.  352.  These  are  made-up  diagrams,  not  exactly  deter- 
minable from  the  valve-action,  but  also  based  on  experience  with 
engines  of  this  class.  Referring  to  §  18  (cO,  we  see  that  to  know 
the  point  on  the  stroke  at  which  the  valve  closes  is,  in  itself  alone, 
a  very  insufficient  determination  of  the  amoimt  of  steam  ad- 
mitted. With  this  we  must  know,  or  be  able  to  estimate  fairly 
well,  the  drop  in  pressure  due  to  throttling,  down  to  the  mechanical 
cut-off.  Thus  the  cut-off  ordinate  at  G  can  be  located  by  simple 
projection  from  Fig.  352:   but  it  is  only  from  experience  that  we 
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can  tell  about  where  the  steam-curve  will  cross  this  line.  This 
point  of  complete  cut-oflF  by  the  valve  will  be  on  a  curve  or  locus 
typified  by  QQ,  which  is  convex  upward,  so  as  to  drop  at  an 
increasing  rate  as  the  cut-oflf  becomes  earlier. 

Besides  applying  the  four  cases  of  Fig.  352,  the  diagram  marked 
A  is  drawn  for  complete  cut-off  at  one-fourth  of  the  stroke.  The 
form  of  the  smallest  diagram,  No.  4,  is  rather  uncertain,  as  the 
action  of  the  cylinder  walls  upon  the  relatively  small  body  of 
steam  is  likely  to  modify  the  curves  quite  materially:  for  the 
larger  diagrams,  equilateral  hyperbolas  are  used  in  this  figure^ 
for  both  expansion  and  compression:  but  with  very  early  cut-ofF 
and  high  compression,  it  was  found  necessary  to  modify  this 


Fig.  354. — ^The  Variable  Steam  Diagram. 


curve  in  order  to  make  the  diagrams  correspond  roughly  with 
practical  results. 

The  points  of  release  will  also  lie  in  a  locus  which  should  be  a 
fair  curve.  And  on  accoimt  of  throttling  by  the  closing  valve, 
the  pressure  at  the  instant  when  the  port  is  completely  closed 
to  exhaust,  or  at  the  true  beginning  of  compression,  will  be  a 
little  higher  than  the  earlier  imiform  back-pressure  during  ex- 
haust. 

Speed  of  running  will  affect  quite  materially  the  steam-dis- 
tribution realized  from  a  certain  valve-movement.  This  is  par- 
ticularly well  illustrated  by  the  indicator  diagrams  in  Fig.  355, 
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which  were  taken  from  a  locomotive  on  the  same  run  and  with 
the  same  valve-action — that  is,  with  the  reverse-lever  in  the 
same  notch — ^but  at  different  speeds.  These  were,  30  miles  per 
hour  for  the  larger,  full-line  diagram  and  nearly  80  for  the  smaller, 
equivalent  to  128  and  330  R.P.M.  respectively,  with  80-inch 
driving-wheels.  The  diagrams  are  reproduced  in  true  proportion, 
except  that  the  difference  between  the  back-pressure  lines  is 
slightly  exaggerated.  The  throttle-valve  was  a  little  wider  open 
for  II.  than   for  I.,  but 
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Fig.  355.-— Diagrams  at  Different  Sp 


even  then  the  drop  in 
pressure  from  the  boiler 
(B.P.)  to  the  steam-chest 
(S.C.P.)  was  much  greater 
at  the  higher  speed:  and 
there  is  a  similar  increase 
in  the  loss  of  pressure  by 
the  steam  in  getting  into 
the  cylinder.  The  indi- 
cated steam  consumption  is  just  about  the  same,  however,  for  the 
two  diagrams;  and  since  the  cylinder-condensation  Ls  less  at  the 
higher  speed,  the  smaller  diagram  represents  a  higher  thermo- 
dynamic efficiency,  in  spite  of  the  increased  wire-drawing  effects. 

(h)  Valve-gear  Performance.— This  is  shown  in  ultimate 
terms  by  curves  such  as  are  drawn  in  Fig.  356.  The  base-lme 
represents  the  eccentric-locus  developed;  which  is  chosen,  out 
of  several  possible  bases,  partly  because  it  puts  the  data  from  the 
valve-gear  into  good  shape  for  use  in  a  discussion  of  the  action 
of  the  governor.  Curve  I.  shows  the  cut-off  by  the  valve,  EG/MN 
in  Fig.  354,  while  II.  is  the  effective  apparent  cut-off  at  boiler- 
pressure,  EF/MN,  got  by  producing  the  expansion-curve  back- 
ward. It  is  noteworthy  that  the  absolute  difference  between  these 
curves  is  nearly  constant  in  this  case.  Cun^e  III.  shows  the 
length  of  the  compression-period,  likewise  expressed  as  a  fraction 
of  the  stroke:  and  IV.  represents  the  manner  of  variation  of  the 
M.E.P.,  here  given  as  a  fraction  of  the  gage-pressure,  or  of  the 
boiler-pressure  above  the  atmosphere  in  Fig.  354. 

A  set  of  curves  Uke  this,  plotted  from  the  actual  indicator 
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cards,  gives  a  very  convenient  and  useful  record  of  the  perfonnance 
of  an  engine.    It  is  characteristic  of  the  type  of  valve-gear  thac 

the  outer  part  of  the  eccen- 
tric-locus, from  1  to  2,  is  of 
little  use  for  governing  the 
engine,  because  the  M.E.P. 
varies  so  slowly — ^here  only 
from  about  93  per  cent,  to 
86  per  cent,  of  the  boiler- 
pressure  for  this  whole  range 
of  movement. 

By  plotting  results  from 
the  valve-diagrams  of  a  num- 
ber of  engines  of  the  shaft- 
governor  class,  the  writer  has 


Fia.  356. — ^Valve-gear  Curves. 


found  an  average  law  for  the  relation  between  compression  and 
cut-off  to  be 


n=0.5-0.8m-h0.4m', 


(312) 


where  m  is  the  apparent  cut-off  by  the  valve,  the  same  as  in 
Eq.  (89),  §  18,  and  n  is  a  similar  measure  of  the  period  of  com- 
pression, as  in  curve  III.  on  Fig.  366. 


§  49.  Secondary  Influences  and  Special  Cases. 

(a)  Effect  of  the  Eccentric-rod. — While  the  distortion  from 
harmonic  motion,  on  account  of  the  angular  movement  of  the 
eccentric-rod,  is  usually  very  small,  it  must  sometimes  be  taken 
into  account.  In  the  fundamental  diagram  in  terms  of  the  eccentric- 
angle  (the  primary  form  of  Fig.  332),  this  is  done  by  striking  an 
arc  with  the  rod-length  as  radius,  after  the  manner  of  Fig.  111. 
To  show  the  travel  of  the  valve  from  its  true  mid-position,  we 
should  pass  this  arc  through  the  center  0  as  in  Fig.  357  I.:  and 
it  is  very  easy  to  see  that  the  travel-distance  ES  will  be  almost 
exactly  as  given  by  the  harmonic  diagram  when  the  valve  is  near 
the  ends  of  its  stroke,  but  that  the  error  in  this  simple  diagram 
will  increase  as  the  valve  approaches  mid-stroke. 


H9(a)] 


EFFECT  OF  THE  ECCENTRIC-ROD. 


203 


The  "true  mid-position"  just  referred  to  is  midway  between 
the  extremes  of  valve-movement;  or,  as  a  more  general  descrip- 
tion, it  is  located  by  measuring  off  from  O,  upon  the  stroke-line, 
the  rod-length  I,  But  while  this  is,  at  first  sight,  the  obvious 
datimi-point  from  which  to  estimate  valve-travel,  it  is  not  the 
point  with  reference  to  which  the  travel  is  most  closely  given  by 
the  common  valve-diagrams,  as  will  now  be  made  clear. 

In  Fig.  357  II.,  the  crank-eccentric  is  placed  on  the  two  dead- 
centers,  at  CjOEi,  CjOEj;  and  arcs  with  I  as  radius  are  drawn 
at  the  same  distance  (equal  to  the  lead)  inside  of  E^  and  E,.  Now 
it  is  entirely  reasonable  to  assume  that  equal  laps  are  correlative 
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Fig.  357. — ^The  Center  of  Movement. 

with  equal  leads;  and  if  this  is  true,  then  the  distances  from  E^ 
and  Ej  to  the  reference-arc  for  mid-position  must  be  equal,  or 
this  curve  must  agree  with  GH  at  the  points  S^  and  S,,  rather 
than  at  the  center  0.  Striking  off  I  from  S^  or  S,,  we  should  locate 
the  corresponding  reference-point  at  the  distance  OM  from  the 
middle  of  the  valve-stroke.  Using  this  as  the  center  of  movement, 
the  valve-diagrams  will  give  the  travel  very  exactly  at  admission 
and  cut-off,  where  there  is  most  need  of  its  being  accurately  deter- 
mined; and  will  have  an  error,  here  much  exaggerated  by  the 
use  of  short  rods,  for  very  long  and  very  short  travels.  The  rod- 
ratio  l/r  lies  usually  between  15  and  25,  with  20  as  a  good  average 
value. 

An  interesting  fact  brought  out  by  Fig.  357  II.  is  that,  with 
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equal  leads,  port-openings  due  to  right-hand  movement  of  the 
eccentric  are  less  than  those  due  to  movement  toward  the  left. 
It  is  desirable  that  the  openings  be  larger,  if  anything,  for  the 
head  end  than  for  the  crank  end,  because  the  piston  moves  faster 
in  the  first  part  of  the  forward  stroke  than  of  the  return  stroke. 
With  the  common,  direct  valve,  then,  the  effect  of  angular  move- 
ment of  the  eccentric-rod  is  against  equality  in  the  steam-dis- 
tribution: and  an  arrangement  in  which  movement  of  the  eccen- 
tric to  the  left  serves  the  head  end — as  with  an  indirect  valve 
or  with  a  direct  valve  indirectly  driven — has  a  small  inherent 
advantage  over  the  opposite  arrangement. 


H  'H 

Fig.  358. — Rod-effect  in  the  Reuleaux  Diagram. 


(6)  The  Exact  Reuleaux  DiAORAM.-^-Rotating  Fig.  357  II. 
backward  through  the  angle  *,  we  get  exact  Reuleaux  diagrams 
as  shown  in  Fig.  358,  I.  for  the  direct  valve,  II.  for  the  indirect. 
For  the  latter,  with  this  diagram,  it  is  better  to  reverse  the  direc- 
tion-meaning of  the  ordinate,  since  left-hand  travel,  along  OP, 
is  what  goes  with  opening  of  the  left  or  head-end  port.  This  is 
simpler  than  to  produce  each  crank-line  through  the  center  and 
take  the  ordinate  from  the  point  where  it  hits  the  other  side  of 
the  circle  (at  the  same  time  reversing  the  base-curve).  But 
with  the  Zeuner  diagram  it  is  better  to  adhere  to  the  usual  con- 
ventions, and  draw  a  single  valve-circle,  for  the  indirect  valve, 
in  the  third  quadrant,  as  in  Fig.  342  II. 

In  any  case,  under  the  usual  rule  for  locating  OP,  the  direction 
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of  convexity  of  the  reference-curve  MN  is  determined  wholly  by 
the  eccentric-setting,  without  regard  to  the  manner  of  driving 
the  valve.  A  reversing  rocker-arm  changes  the  direction-meaning 
of  the  ordinates  in  Fig.  358,  without  affecting  the  curve;  and, 
as  hinted  at  the  end  of  the  last  paragraph,  interchanges  between 
the  ends  of  the  cylinder  the  effects  of  the  eccentric-rod  in  modify- 
ing the  steam-distribution. 

The  Reuleaux  diagram  has  an  advantage  over  the  Zeuner  in 
that  this  action  can  be  shown  directly:  an  exact  polar  diagram 
can  be  got  only  by  plotting  successive  ordinates  and  tracing  a 
special  curve. 

(c)  Rod-effect  with  Shifting  Eccentric. — ^This  is  illustrated 
in  Fig.  359,  where  the  four  eccentric-circles  from  Fig.  351  are  repro- 
duced, with  the  locus  of  E  at 
EC  and  at  DF,  in  the  two  posi- 
tions for  crank  on  dead-center. 
The  two  reference-arcs  KiL^, 
KjLj,  are  drawn,  after  the  man- 
ner of  Fig.  357  II.,  so  as  to  give 
equal  leads  for  latest  cut-off: 
and  it  ia  clear  that  the  leads 
will  become  increasingly  unequal 
as  E  moves  in  along  EC  and 
FD.  This  effect  ia  here  a  good 
deal  exaggerated;  but  a  self- 
suggested  alteration  would  be 
to  equalize  the  leads  for  the 
early  cut-off  which  mostly  pre- 
vails, and  let  the  extreme  conditions  be  non-symmetrical. 

(d)  Influence  of  the  Lead. — ^The  matter  of  proportioning 
this  element  of  the  valve-action  so  as  to  get  the  best  results  is  one 
that  can  hardly  be  reduced  to  definite  terms.  In  general,  two  ob- 
jects are  to  be  kept  in  view:  first,  to  have  the  engine  run  smoothly, 
without  a  too  sudden  reversal  of  pressure  at  the  end  of  the  stroke; 
second,  not  to  waste  any  of  the  possible  area  of  the  steam-diagram 
by  late  admission.  Where  the  engine  has  what  ^ve  may  call  a 
rotary  load,  or  delivers  its  power  through  the  shaft,  a  slight  variation 


Fig.  350.~Rod-effect  with  Shaft- 
governor. 
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in  the  time  when  the  valve  opens  can  have  little  effect :  'but  where 
the  load  acts  directly  upon  the  piston-rod,  as  in  a  pump  with  fly- 
wheels especially,  the  growth  of  the  driving-pressure  should  barely 
precede  that  of  the  resistance,  at  the  beginning  of  the  stroke; 
and  this  may  call  for  a  very  small  or  even  for  a  negative  lead.  As 
to  the  matter  of  getting  the  full  steam-pressure  before  the  piston 
begins  its  stroke,  it  is  evident  that  speed,  clearance-volume,  and 
height  of  compression  all  enter  as  important  elements.  In  any 
case;  the  angle  of  lead — ^a  measure  of  time — ^is  rather  more  important 
than  the  absolute  width  of  opening.  In  engines  where  the  admis- 
sion is  controlled  by  a  fixed  eccentric,  this  angle  will  usually  lie 
between  5""  and  10°. 

(e)  Variation  in  Lead. — ^Engines  of  the  shifting-eccentric 
type,  with  the  shaft-governor,  show  considerable  variety  in  the 
location  of  the  pivot-point  P,  Fig".  350,  and  in  the  manner  of  varia- 
tion of  the  lead.  As  typical  cases  in  this  respect,  consider  the  dia- 
grams sketched  in  Fig.  360.    The  point  P  is  on  the  same  side  of 


Fig.  360.— Different  Ways  of  Varying  the  Lead. 

the  center  in  both  I.  and  III. ;  but  in  the  first  case  it  lies  on  the  crank- 
line,  in  the  second  it  is  on  a  line  through  D^.  The  valve-diagram 
in  I.  is  drawn  for  cut-ofif  at  one-sixth  of  the  stroke;  and  through 
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the  large  lead  quite  a  wide  opening  of  the  port  is  secured,  even  with 
this  very  early  cut-off.  In  III.  and  IV.,  the  mechanical  cut-oflf, 
or  instant  of  complete  closure,  is  at  one-quarter  stroke :  the  greater 
drop  in  pressure,  due  to  throttling  on  account  of  the  small  opening, 
is  clearly  shown,  especially  by  the  lower  position  of  the  curve  QQ. 

One  advantage  of  the  arrangement  at  III.  is  that  the  governor 
can  completely  shut  off  steam  from  the  engine,  which  it  cannot 
do  with  the  proportions  in  I.  Further,  the  eccentric  moves  through 
a  somewhat  smaller  distance,  for  a  given  range  of  power,  in  III. 
than  in  I.  It  is  suggested  by  the  steam  diagrams,  II.  and  IV., 
that  the  question  as  to  the  best  method  of  governing  the  engine 
under  small  loads  is  here  involved — this  question  being,  whether  it 
is  better  to  throttle  the  steam  or  to  make  the  cut-off  very  early. 
Without  more  than  touching  the  outskirts  of  this  rather  extensive 
subject,  we  may  remark  that  when  cylinder-condensation  is  taken 
into  account,  a  small-power  diagram  like  IV.  may  give  just  as 
good  economy  as  one  like  II.,  in  spite  of  the  increased  throttling 
eflfect. 

(f)  Effect  of  Lost  Motion. — In  a  mechanism  like  the  valve- 
gear,  with  a  number  of  joints — and  especially  in  the  complicated 
types,  such  as  the  link-motions  and  the  Corliss  gear — ^there  may 
be  considerable  lost  motion  between  the  eccentric  and  the  valve, 
if  the  joints  are  allowed  to  become  at  all  loose.  The  effect  upon 
valve-movement  and  steam-distribution  can  be  very  nicely  shown 
upon  the  diagram,  as  is  illustrated  in  Fig.  36L 

It  is  safe  to  assume  that  friction  of  the  valve  is  the  predominat- 
ing force  in  the  valve-gear — even  though,  at  high  speeds  and  with 
a  well-balanced  valve,  inertia-force  may  have  a  greater  value  near 
the  ends  of  the  valve-stroke.  Under  the  control  of  friction,  the 
valve  wUl  lag  behind  its  ideal  position  by  an  amount  equal  to  half 
the  total  free-play  in  all  the  bearings.  In  I.,  this  is  shown  by 
shifting  the  semicircle  GMD  to  the  left,  and  FNE  to  the  right, 
striking  them  from  the  centers  0^  and  O2  respectively.  That  is, 
each  half  of  the  motion-circle  is  given  a  displacement  opposite 
to  the  direction  of  valve-motion  in  the  stroke  which  it  represents. 
The  directions  "right"  and  "left"  refer,  of  course,  to  movement 
of  the  valve  as  represented  by  the  diagram,  so  that  GF  is  right, 
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FG  is  left.  In  ideal  working,  each  journal  wUl  be  concentric  with 
its  bearing;  when  loose,  half  of  its  total  free  motion  will  bring  it 
into  contact  on  either  side.  At  each  end  of  the  stroke  the  valv« 
will  pause,  as  shown  by  the  straight  lines  DH  and  EK,  while  the 
"back-lash"  in  the  mechanism  reverses. 

Now  all  the  events  of  the  steam-distribution  will  be  a  little 
late.  In  the  right-hand  stroke  these  are,  taking  them  in  order, 
crank-end  cut-off  R',  head-end  compression  S,  crank-end  release 
T',  head-end  admission  Q.  *And  it  is  evident  that  this  general 


Fig.  361. — ^Effect  of  Lost  Motion. 

retardation  could  be  compensated  by  giving  the  eccentric  a  slight 
extra  advance. 

Instead  of  displacing  the  two  halves  of  the  circle,  it  is  rather 
simpler,  graphically,  to  shift  the  reference-lines  in  the  other  direc- 
tion, as  at  II.  Since  these  can  be  thought  of  as  representing  the 
valve-seat,  we  move  them  ahead,  in  the  direction  of  the  movement 
of  the  valve,  so  that  in  the  ideal  movement  represented  by  the  circle 
the  valve  would  take  a  little  longer  to  reach  any  particular  position. 

(g)  Effect  of  a  Non-central  Stroke-line. — The  general 
case  of  the  slider-crank  mechanism,  in  which  the  stroke-line  of  the 
slide  does  not  pass  through  the  center  of  the  shaft,  finds  frequent 
application  in  one  class  of  valve-gears,  the  "link-motions":  and  is 
sometimes  used  in  single-eccentric  gears,  for  a  purpose  which  is 
discussed  in  the  next  article.  To  see  how  the  movement  of  the 
slide  is  modified  from  that  in  the  usual  case,  consider  Fig.  362. 
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First  of  all,  the  rod-length  I  is  measured  ofif  from  0  to  P^,  and 
swimg  about  O  so  as  to  locate  on  the  stroke-line  MN  the  ideal 
mid-position  P.  Then  from  P  is  struck  the  arc  KL;  and  for  any 
position  of  the  eccentric  (or  crank),  as  OF,  we  have  only  to  make 
FQ= ^  draw  FT  parallel  to  MN,  and  join  PT,  in  order  to  get  a  paral- 
lelogram FTPQ  and  show  that  FT  is  always  equal  to  the  travel- 
distance  from  P. 

Now  the  dead-points  are  not  at  A  and  B,  but  at  Cj  and  Cj,  where 
the  crank  and  rod  coincide  on  a  line  through  the  center:  and  the 
total  travel  is  greater  than  the  diameter  of  the  circle,  as  appears 
when  we  locate  M  and  N  by  striking  off  the  lengths  AP^^  and  BP^^ 
from  0.  The  reason  for  this  excess  is  most  clearly  seen  by  drawing 
the  distance-lines  C^Dj,  CjDj:  which  shows  also  that  the  two  ex- 


Fio.  362. — ^Non-central  Stroke-line. 


treme  distances  will  be  unequal,  partly  because  C,  is  farther  from 
AB  than  is  C^,  partly  on  account  of  the  curvature  of  the  reference- 
arc  KL. 

For  a  very  long  rod,  the  Curve  KL  would  be  replaced  by  a 
straight  line  at  right  angles  to  OP,  which  latter  is  the  line  of 
mean  rod-slant. 

Approximately — the  approximation  being  less  close  as  the  angle 
is  greater  and  the  rod  is  shorter — Q  travels  as  if  it  w^re  driven  along 
OPq  by  the  eccentric  OE^,  located  from  the  actual  eccentric  OE 
by  making  the  angle  EOE^,  equal  to  y:  that  is,  the  change  in  the 
mean  direction  of  the  rod  from  OP©  to  OP  (equivalent  to  a  change 
in  the  eccentric-angle)  has  the  greatest  influence  upon  the  travel 
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of  the  slide;  and  the  other  effects,  such  as  that  due  to  the  angle 
between  OP  and  MN,  are  secondary. 

(h)  Equalizing  the  Cut-offs.— By  combining  an  offset  stroke- 
line  with  the  use  of  a  very  short  rod,  the  desideratum  of  unequal 
(angular)  periods  of  port-opening  in  the  two  ends,  with  symmetrical 
beginnings,  can  be  secured:  which  makes  possible  equal  cut-offs 
with  equal  laps.  Thus  in  Fig.  363  the  valve  is  supposed  to  open 
at  the  diametrically  opposite  eccentric-positions  OR  and  OT. 
The  arcs  RS  and  TU  are  drawn  like  K^Lj,  KjLj,  on  Fig.  357,  being 
struck  with  I  as  radius  from  the  points  G  and  H  on  MN,  On  account 
of  the  curvature  of  these  port-edge  lines,  the  angle  ROS  is  greater 
than  TOU — in  this  case  about  136®  as  against  127*^,  according  to 
the  protractor-scales  on  the  figure. 


L       s 
Fig.  363. — ^Unequal  Periods  of  Opening. 


With  this  very  short  rod,  the  non-symmetry  of  the  widths  of 
opening  i3  quite  marked:  and  if  the  valve  be  shifted  just  a  little 
on  its  seat,  as  by  lengthening  the  valve-rod,  so  as  to  bring  the 
lap-lines  to  the  dotted  positions,  then  the  difference  between  the 
angles  of  closure  will  be  increased.  It  will  be  noted  that  the  change 
in  leads  here  involved  is  just  the  opposite  of  that  in  Fig.  353. 

An  application  of  this  device  will  be  found  in  the  valve-gear 
discussed  in  §  58,  under  Figs.  496  to  502.  That  it  could  not 
be  used  with  a  shifting  eccentric  is  shown  by  drawing  the  small 
inner  circle,  and  noting  the  great  distortion-effect  analogous  to 
that  in  Fig.  359:  and  here  the  short  rod  is  essential,  for  it  is  only 
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because  of  the  curvature  of  RS  and  UT  that  the  arcs  UR  and 
ST  are  unequal. 

§  so.  The  Stephenson  Link-motion. 

(a)  Reversing  the  Engine. — ^The  derivation  of  this  most 
common  type  of  reversing  valve-gear  is  at  once  suggested  by 
consideration  of  the  eccentric-settings  for  opposite  directions  of 
rotation,  shown  in  Fig.  364.    If  the  two  eccentrics  are  put  on 


Fig.  364. — Eccentric-settings  for  both  Directions. 

the  engine-shaft  side  by  side,  and  if  the  control  of  the  valve  can 
be  transferred  from  one  to  the  other  at  will,  the  engine  can  be 
made  to  run  in  either  direction.  Logically  the  primary  type  of 
a  device  for  making  this  transfer  is  that  shown  in  Fig.  365,  where 


Fig.  365.— The  Gab-motion. 


by  moving  the  lever  R  either  hook,  Bj  or  Bj,  can  be  made  to  en- 
gage the  pin  at  V.  This  crude  arrangement  preceded  the  link- 
motion,  and  was  used  on  hoisting-engines:  it  has,  of  course,  been 
entirely  superseded. 
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(b)  The  Stephenson  Gear.— The  substitution  of  the  cuned 
link  for  the  "gabs"  of  Fig.  365  is  a  radical  improvement,  not  only 
on  account  of  its  mechanical  superiority,  but  because  it  adds  a 


Fig.  366. — ^A  Locomotive  Valve-gear, 
-second  very  important  function  to  that  of  merely  reversing  the 
engine,  in  making  possible  a  regulation  and  variation  of  the  steam- 
distribution  very  similar  to  that  effected  by  the  movable  eccentric 
of  the  shaft-governor. 

Examples  typical  of  the  two  most  important  applications  of 
the  hnk-motion — in  the  locomotive  and  in  the  marine  engine — 
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are  given  in  Figs.  366  and  368.  In  the  first,  the  apparatus  ia 
rather  complicated  by  reason  of  the  extensive  transmission-gear 
between  the  link  and  the  valve.  The  several  views  are  disposed 
more  with  regard  to  the  space  available  than  to  their  strict  rela- 
tions in  the  scheme  of  projection.     I.  and  II.  make  up  the  prin- 


Fig.  SGQ.-^arUinued. 


1.  Eccentric. 

2.  Eceentric-fltrap. 

3.  Eccentric-rod. 

4.  Link. 

5.  Block. 

6.  Extension-rod. 

7.  Rocker. 

8.  Rocker-box. 

9.  Valve-rod  Extension. 
10.  Valve-rod. 


11.  Valve. 

12.  Hanger-pin. 

13.  Suspension-rod.' 

14.  Lifting-shaft. 

15.  Reach-rod. 

16.  Re  verse- lever. 

17.  Notched  Arc. 

18.  Balance-spring. 

19.  Extension-rocT Hanger. 

20.  Bearing  for  Hanger. 


cipal  or  side  view;   III.  shows  the  controlling  or  adjusting  gear, 
from  the  front;  IV.  is  a  detail  view  of  the  rocker,  and  in  V.  a 
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number  of  the  parts  are  laid  out  in  plan,  chiefly  for  the  purpose 
of  showing  their  relative  positions  as  measured  from  a  vertical 


Fio.  367. — ^The  Locomotive  Link. 


1.  Back  Half  of  Link. 

2.  Front  Half  of  Link. 

3.  Difltance-blocka. 

4.  Hanger-pin  and  Saddle. 

5.  Suspenaion-rod. 


6.  Block. 

7.  Loose  Flange  of  Block. 

8.  Rocker-pin. 

9.  Rockei^amu 


center-plane,  and  how  near  the  mechanism  comes  to  having  its 
members  all  in  one  plane. 

The  valve-gear  as  a  whole  divides  itself  into  several  com- 
ponent parts.    The  link-motion  proper,  from  the  shaft  or  main 
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axle  to  the  link  4,  including  the  suspension-rod  13,  forms  one 
complete  mechanism,  with  definite  motion;  the  adjusting-gear, 
pieces  14  to  16,  constitutes  another  division;  the  valve-connections, 
comprising  everything  from  the  block  5  to  the  valve,  make  up  a 
third.  The  link,  shown  in  detail  in  Fig.  367,  is  of  the  offset  type: 
that  is,  the  pin-connections  for  the  eccentric-rods  are  set  well 
back  of  the  center-line  of  the  link:  whereas  in  Fig.  368  these 
pins  are  on  the  curved  center-line.  The  radius  of  the  link-arc 
is  equal  to  the  distance  from  its  center-line  to  the  eccentric-center, 
along  the  eccentric-rod:  in  other  words,  if  the  centers  of  both 
the  eccentric-straps  could  be  brought  to  the  center  of  the  shafts 
then  the  center  of  curvature  of  the  link  would  also  coincide  with 
the  shaft-center.  The  construction  of  the  •  link  and  block,  and 
the  arrangement  of  the  suspension-pin,  are  so  clearly  shown  in 
Fig.  367  as  to  need  no  explanation:  but  in  one  particular  this 
arrangement  differs  from  Fig.  366,  namely,  in  that  hefe  the  block 
drives  the  lower  end  of  the  rocker  directly,  instead  of  through  an 
extension-rod.    ^ 

The  reverse-lever  system,  or  the  adjusting-gear,  controls  the 
power  of  the  engine,  by  raising  and  lowering  the  link  so  as  to 
change  the  position  of  the  block  in  the  link,  and  thereby  vary  the 
steam-distribution.  By  means  of  a  latch  on  the  reverse-lever> 
engaging  notches  on  the  arc  17,  the  valve-gear  can  be  locked  at 
any  setting.  In  the  casing  numbered  18  is  a  compression-spring, 
which  balances  the  weight  of  the  link-motion,  so  that*  the  reverse- 
lever  will  move  easily  in  either  direction. 

The  general  form  and  the  dimensions  of  the  transmission-gear, 
from  the  block  to  the  valve,  are  determined  by  conditions  outside 
of  the  valve-mechanism;  that  is,  by  the  location  of  the  main 
driving-axle  and  of  the  valve-chest.  In  locomotives  of  European 
construction  the  valve  is  commonly  so  placed  that  it  can  be  di- 
rectly driven. 

The  valve-gear  of  a  marine  engine  is  usually  of  this  simpler, 
direct-driving  type:  and  where,  as  in  Fig.  368,  the  rod-pins  are 
on  the  center-line  of  the  link,  some  small  disturbing  elements 
are  eliminated  from  the  movement  of  the  valve.  The  detail  of 
the  two-bar  link  at  II.  shows  how  the  pins  are  got  into  this  posi- 
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tion  without  interfering  with  the  full  movement  of  the  block: 
while  the  alignment  of  the  eccentrics  with  the  link  and  the  forked 
end  of  the  eccentric-rod  are  given  at  III.     The   reversing-shaft 


Fig.  368.— Marine  Type  of  Link-motion. 
Corresponding  parts  have  same  numbers  as  on  Fig.  366. 

runs  along  the  front  of  the  engine,  and  controls  all  the  individual 
valve-gears  together.  By  means  of  the  adjustment  device,  the 
location  of  the  suspension-pin  on  the  end  of  the  reverse-arm  14 
can  be  changed,  so  as  to  vary  the  relative  actions  of  the  several 
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valves  in  the  compound  engine.  The  slot  in  which  moves  the 
block  carrying  the  pin  is  at  such  an  angle  that  adjustment  will 
have  its  full  effect  upon  forward  running,  and  practically  none 
upon  backward  nmning  of  the  engine.  This  particular  gear 
belongs  to  the  low-pressure  cylinder  of  the  engine  illustrated 
in  Figs.  243,  259,  and  260;  and  the  eccentrics  are  made  so  much 
larger  in  diameter  than  is  apparently  necessary  because  the  other 
two  pairs  are  moimted  on  the  coupling-flanges  of  the  shaft-sections, 
and  all  are  alike  in  outer  diameter. 


Fig.  369. — ^The  Direct  Link-motion. 


(c)  Arrangement  of  the  Rods. — ^In  Figs.  369  and  370,  these 
two  gears  are  drawn  in  outline,  the  simpler  type  first,  the  loco- 
motive type  second — ^both  in  the  locomotive  position.  The  effect 
of  the  reversing  rocker-arm,  as 
set  forth  in  Fig.  341,  and  further 
indicated  by  the  dotted-line  ec- 
centric-settings in  Fig.  364,  is 
here  shown  in  the  reversed  posi- 
tion of  the  crank,  with  reference 
to  the  figure  of  the  eccentrics, 
in  Fig.  370.  These  diagrams  are 
intended  to  make  clear  the  dis- 
tinction between  the  two  possible 
arrangements  of  the  eccentric- 
rods,  or  two  ways  of  connecting 
the  eccentrics  to  the  link — ^that 
between  "open"  and  "crossed" 
rods.  During  a  whole  revolution  of  the  shaft,  the  two  rods  will 
be  part  of  the  time  clear  of  each  other,  as  here,  part  of  the  time 
crofised.    The  distinction  is  made  by  turning  the  shaft  so  that 


Fig.  370. — ^The  Indirect  Link-motion. 
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the  two  eccentric-centers  Ei  and  Ej  are  toward  the  link,  or  between 
the  link  and  a  vertical  center-line  through  O;  and  then  noting, 
for  this  characteristic  position,  whether  the  rods  are  open,  as 
shown  by  the  full  lines,  or  crossed,  according  to  the  dotted  lines. 

(d)  Movement  op  the  Valve. — ^Anticipating  the  demonstra- 
tion presently  to  be  given,  we  will  now  state  the  manner  of  action 
of  the  link-motion,  as  follows: 

For  any  position  of  the  block  in  the  link,  intermediate  between 
Li  and  L,,  the  motion  of  the  valve  is  very  neariy  what  would  be 
given  by  a  single  eccentric  with  its  center  on  a  curve  through 
Ej  and  Ej!  the  location  of  this  center  E  between  E^  and  Ej  being 
similar — in  the  geometrical  sense  of  proportionality — to  that 
of  B  between  Lj  and  L,.  To  make  this  statement  fit  Fig.  370 
exactly,  we  should  designate  as  B^  and  B,  the  block-positions 
right  in  line  with  the  two  eccentric-rods,  and  make  the  propor- 
tionality apply  to  the  location  of  B  on  B^Bj. 

In  Fig.  371  the  first  thing  shown,  at  I.,  is  the  manner  in  which 
I,     ^ — -^^'  reversing    could   be    secured   by 

p^ —      ^  y  \     the  movement  of  an  actual  single 

"""^^-^^.ITTJ^  ^  \^  i     eccentric-center.    Having  an  ec- 

AJei  centric-pendulum  pivoted  at   P, 

extend  its  range  of  movement  past 
Eo  to  Ej;  then  the  lower  half  of 
the  locus  of  E  will  correspond 
with,  and  will  produce,  reversed 
^  ^     running  of  the  engine. 

Fio.371-TheEccentriclocuB.    '    .    ^^^  locus  of  the  equivalent 

smgle  eccentric,  for  the  link-mo- 
tion, is  shown  at  II.  and  III.  on  Fig.  371  for  the  respective  cases  of 
open  and  crossed  rods.  In  strict  accuracy  parabolas,  these  curves 
are  well  enough  approximated  by  circular  arcs  through  the  points 
El,  Eq,  and  E,:  the  point  E^,  being  located,  or  the  length  of  the 
mid-gear  radius  OE^,  given,  by  the  formula 

ro=rfcos^±-^sin^)j; (313) 


J50(rf)l 


EQUIVALENT  SINGLE  ECXJENTRIC. 


219 


where  r  is  the  actual  eccentric-radius,  j9  is  the  supplement  of  ^  as 
on  Fig.  371 II.,  k  is  half  the  length  LJ^  of  the  link,  and  I  is  the  length 
of  the  eccentric-rod.  The  plus  sign  is  for  open  rods,  giving  the 
convex  locus  in  II.,  or  increased  lead  toward  mid-gear;  the  minus 
sign  and  the  concave  curve  are  for  crossed  rods.  Note  that  the  sec- 
ond term  of  the  formula,  {k/l)r  sin  p,  is  the  amount  by  which 
the  curve  departs  from  the  straight  line  EjEj;  being  the  fraction 
k/l  of  the  half-length  of  this  line. 

The  "adjustment"  of  the  valve-gear,  or  the  position  of  the  link 
upon  the  block,  is  defined  as  follows: 

When  the  block  is  under  the  full  control  of  either  eccentric — 
that  is,  at  Lj  or  L,  in  Fig.  369,  in  line  with  Lj  or  L,  in  Fig.  370 — 
the  mechanism  is  said  to  be  at  "full-gear,"  forward  or  backward. 
Mid-position  is  called  mid-gear,  as  indicated  above.  Any  other 
position  is  described  'by  giving  the  fraction  got  by  dividing  the  half- 
length  of  the  link  into  the  distance  of  the  block  from  the  middle 
of  the  link :  thus  we  speak  of  half-gear,  three-quarters  gear,  and 
so  on. 

Positions  of  the  reverse-lever  latch  on  its  arc  will  be  almost 
exactly  similar  to  those  of  the  block  in  the  link :  so  that  the  setting  of 
the  valve-gear  can  be  equally  well  defined  in  terms  of  this  position. 

(e)  Valve  and  Indicator  Diagrams. — ^A  sample  set  of  valve- 
diagrams  for  a  Stephenson  gear  is  given  in  Fig.  372.  The  eccentric- 
locus  is  first  laid  out  at  EiEqE,  (for 
the  crank  at  zero),  and  the  locus 
of  D  is  made  symmetrical  to  it, 
with  reference  to  the  line  GH, 
Valve-circles  are  drawn,  for  full- 
gear  forward,  on  00^;  for  full-gear  ^ 
backward,  on  OD,;  foi*  mid-gear, 
on  OD^;  and  for  half-gear  forward, 
on  OD;  OD  and  OE  correspond- 
ing with  a  position  of  block  in  link 
half-way     between     L^    and     the 

middle,  according  to  the  definition  Fig.  372. — ^Valve-diagrams  for  the 

.     .  Link-motion, 

just  given. 

Several  indicator  diagrams  from  a  locomotive  are  reproduced 
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in  Fig.  373.  The  largest,  No.  1,  shows  the  greatest  amount  of  work 
per  revolution  that  the  engine  is  capable  of  perfonning;  this  would 
be  done  only  at  very  low  speeds,  and  the  tractive  force,  or  tangential 
force  at  the  driving-wheels,  due  to  this  steam  diagram  would  be 
so  great  that  it  would  slip  the  wheels  if  friction  were  not  increased 

by  the  use  of  sand  on  the  rails. 
The  normal  resistance  of  the  train 
is  represented  by  the  smaller  dia- 
grams, taken  at  speeds  of  35  to  75 
miles  per  hour.  Slight  variations  in 
boiler-pressure  and  in  the  opening  of 
the  throttle-valve,  together  with  the 
influence  of  speed  as  already  illus- 
trated in  Fig.  355,  account  for  the 
differences  in  the  admission  pres- 
sure, and  render  impossible  the 
close  determination  of  a  cut-ofif  locus  like  QQ  on  Fig.  354. 

Problem  11.  Given  r,  8,  k,  and  I,  and  that  the  rods  are  open.  First 
set  the  eccentrics  so  as  to  have  zero  lead  in  full-gear;  then  get  the 
eccentric-locus,  and  draw  Zeuner  diagrams  for  full  gear  both  ways, 
for  mid-gear,  and  for  quarter  cut-off  forward.  Show  the  steam-dis- 
tribution in  each  case,  taking  the  inside  lap  to  be  zero.  Good  average 
data  are,  r-2i^  «-l^  A; -8",  i-50". 


Fig.  373. — Diagrams  from  a 
Locomotive. 


§  51.  Kinematics  of  the  Link-motion. 

(a)  The  Mechanism  Simplified. — ^The  movement  of  the  valve, 
as  produced  by  the  link-motion,  is  the  resultant  of  a  number  of 
component  actions.  The  more  important  of  these  are  compara- 
tively simple,  and  can  readily  be  brought  to  general  geometrical 
expression;  but  some  of  the  smaller,  secondary  influences  can  be 
investigated  only  by  the  method  of  plotting  the  whole  mechanism 
in  successive  positions. 

In  order  to  isolate  the  effect  of  the  eccentrics,  we  shall  use  the 
model  shown  in  Fig.  374,  where  the  movement  which  they  give 
is  transmitted  to  the  link  without  change.  The  following  descrip- 
tion will  make  clear  the  working  of  this  mechanism: 
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The  several  parts  of  the  framework  bear  the  number  1 ;  the  disk 
2,  turning  in  a  fixed  bearing,  represents  the  crank-shaft;  the  ec- 
centrics are  reduced  to  pins  fastened  in  2,  one  projecting  to  the 
front,  the  other  behind.  These  pins  work  in  cross-slots  in  the  slides 
3  and  4,  after  the  manner  of  Fig.  106;  and  the  harmonic  motion 
thus  produced  is  transmitted  by  the  rods  5  and  6  to  the  slides 
7  and  8.  These  work  in  guides  on  the  adjusting-slide  9;  and  it  is 
to  be  noted  that  the  joints  between  3  and  5,  5  and  7,  etc.,  are  not 


Fig.  374. — Kinematic  Model  of  the  Link-motion. 


working  joints,  but  turn  only  when  the  gear  is  "adjusted"  by  mov- 
ing 9  up  or  down.  Slides  7  and  8  carry  vertical  slots  in  which  work 
the  rod-pins  on  the  back  of  the  link.  The  latter  is  of  the  simple 
central  type,  as  in  Fig.  368;  and  is  supposed  to  be  supported  by 
clamping  the  block  11  upon  it  in  the  position  proper  to  any  setting 
of  9. 

(6)  Harmonic  Motion  Transmitted. — With  the  model  arranged 
as  in  Fig.  374,  the  ends  of  the  link  receive  harmonic  motion  exactly 
as  though  they  travelled  on  a  stroke-line  passing  through  the  center 
of  the  shaft.  In  Fig.  375,  the  ideal  mid-position  of  the  link,  from 
which  its  movement  is  to  be  measured,  is  found  by  striking  the  arc 
PiPj  from  O,  with  the  rod-length  I  as  radius.     Then  the  effect  of 
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the  arrangement  under  discussion  is  to  make  Ffi^  equal  ODj,  and 
PjBj  equal  OD,.  Calling  these  travels  t^  and  <,,  the  actual  travel 
i  or  PB  is  a  mean  between  them,  in  a  proportion  determined  by 


Fig.  375. — Hannonio-motion  Component  of  Valve-travel. 

the  location  of  B  on  Ljli,:  that  is,  the  difference  between  t^  and  f, 
is  divided  in  the  same  ratio  as  the  link  is  divided  by  the  block. 

Fig.  376  I.  shows  an  enlarged  diagram  of  the  eccentrics;  and  it 
is  evident  that  by  locating  E  on  EiE,  just  as  B  is  located  on  L,L, 
we  secure  the  same  value  of  i  as  on  Fig.  375.  This  brings  us  at  once 
to  the  conclusion  that  the  valve-slide,  driven  by  B,  will  move  just 
as  though  it  were  imder  the  control  of  the  single  eccentric  OE. 

(c)  Curvature  of  the  Link. — ^In  strict  accuracy,  a  true  and 
constant  proportionality  in  the  interpolation  of  t  between  t^  and  ^ 
would  be  secured  only  with  the  straight  link  outlined  in  Fig.  376 II., 
where  a  rigid  bar  pivoted  at  B  passes  through  slide-blocks  pivoted 
on  the  ends  of  the  rods  and  guided  along  the  stroke-lines  M^Ni, 
MjNj:  and  it  may  be  remarked  that  a  curved  link  made  on  this 
principle  might  give  a  smaller  error  than  does  that  actually  used 
on  Figs.  374  and  375.  But  the  straight  link  would  have  the  radical 
fault  that  the  point  P,  the  center  of  movement,  would  change  its 
position  as  the  link  was  moved  up  and  down. 

It  appears  then  that  only  by  using  for  the  center-line  of  the  link 
an  arc  which  has  the  length  I  as  radius  can  the  stroke-line  MN, 
Fig.  375,  be  kept  at  a  constant  position  as  the  valve-gear  is  ad- 
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justed.    The  limit-curves  MjM,,  N^Nj,  are,  of  course,  arcs  struck 
from  A  and  F  with  the  radius  I. 


M,    _    6  Bjj^  H 


Fig.  376.— The  Equivalent  Eccentric:  The  Straight  Link. 

As  regards  the  effect  of  this  curvature  upon  valve-movement, 
we  note  that  the  angle  between  the  two  chords  BLj,  BL,  on  Fig. 
375  will  modify  slightly  the  paths  of  the  pins  Lj  and  L,  in  an  actual 
gear,  and  will  also  have  a  small  influence  upon  the  relation  of  t 
to  <!  and  <2-  but  with  actual  proportions,  instead  of  the  very  short 


Fig.  377. — Non-central  Stroke-line  in  the  Link-motion. 

rods  used  in  these  illustrative  figures,  both  these  effects  will  be  very 
small. 

(d)  Inclination  of  the  Eccentric-rods. — The  next  step  is 
to  take  into  account  the  fact  that  the  link-pins,  as  actually  driven 
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by  the  rods,  travel  on  stroke-lines  which  do  not  pass  through 
the  shaft-center.  This  condition  is  shown  by  the  diagram  at  I. 
in  Fig.  377,  which  is  similar  to  Fig.  362.  Here  M  and  N  are  the 
same  points  as  Mj  and  Nj  on  Fig.  375,  the  dead-center  positions 
being  at  E  and  G.  Continuing  to  neglect  the  effect  of  the  angular 
swing  of  the  eccentric-rod,  we  get  that  of  its  mean  slant  by  chang- 
ing a  part  of  the  model,  Fig.  374,  to  the  form  shown  at  Fig.  377  II. : 
where  the  slot  for  the  eccentric-pin  is  carried  by  the  rod  5,  so  as 
always  to  be  at  right-angles  to  the  center-line  of  this  rod — ^the  end 
of  the  rod  being  guided  along  a  horizontal  line  by  the  slide-bar  3. 


Fig.  378.— Effect  of  Rod-inclination. 

Diagrams  for  this  motion,  similar  to  Fig.  375,  are  given  in 
Fig.  378,  I.  for  open  rods,  II.  for  crossed  rods.  The  ED-lines 
are  now  perpendicular  to  the  rod-lines  DB  instead  of  the  stroke- 
line  AP:  and  with  the  exaggerated  proportions  here  used,  the 
valve-travel  is  very  materially  modified  by  this  change.  An 
important    difference    between    the    two    rod-arrangements    now 


§  51  (d)]         INCLINATION  OF  THE  ECCENTRIC-RODS. 


225 


becomes  apparent,  in  that  the  travel  is  increased  with  open  rods, 
decreased  with  crossed  rods,  from  that  in  Fig.  375:  and  this  re- 
lation is  general,  holding  true  all  the  way  round  the  circle. 

Fig.  379  gives  enlarged  eccentric  diagrams  for  the  two  cases, 
analogous  to  Fig.  376  I.  The  reference-lines  K^L,,  K^L,,  are 
drawn  at  right-angles  to  the  mean  rod-line,  like  KL  on  Fig.  377. 
In  each  case,  comparing  with  Fig.  378,  EiSi=ODi=PiBi,  £382= 
OD3=P2B3;  and  E  divides  E^Ej  in  the  same  ratio  that  B  does 
LjLj.  Then  joining  S^Sj  and  drawing  ES,  we  have  in  ES  a  pro- 
portional between  EjSj  and  EjS,,  just  as  PB  is  a  proportional 


K,     G 


»<z        Q^ 


Fio.  379. — Eccentric  Diagrams. 

between  P^Bj  and  PjBj.  It  will  be  noted  that  each  ES-line  is 
made  up  of  two  parts;  the  portion  ET  corresponds  to  harmonic 
motion,  while  TS  shows  the  effect  of  the  slant  of  the  rods. 

(e)  Determination  of  Effect  of  Rod-slant. — ^As  the  first 
step  in  the  development  of  a  general  graphical  expression  for 
the  travel-component  TS,  we  must  find  a  simple  way  of  repre- 
senting the  movement  of  the  slide  in  the  case  of  Figs.  362  and 
377,  carrying  out  to  a  definite  conclusion  the  approximation 
suggested  at  OE^  in  Fig.  362.  This  is  done  in  Fig.  380,  where  OE 
is  the  actual  eccentric,  OW,,  the  line  of  mean  rod-slant,  and  KL 
the  reference-line  in  the  common  circular  diagram.  First,  put 
the  eccentric  on  its  dead-center  line  OW^,  at  OEj  (referring  to 
Figs.  362  or  377,  we  see  that  this  will  be  the  line  of  both  dead- 


226 


VALVE-GEARS  AND  THEIR  ACTION. 


[Chap,  IX. 


Fio.  380. — ^Equivalent  Eccentric 
with  Non-central  Stroke-line. 


centers  if  swing  of  the  rod  is  disregarded) :    then  the  travel  SjEj 
is  the  same  as  would  be  produced  by  a  radius  OFj,  got  by  drawing 

EjFi  perpendicular  to  OEj,  and 
driving  a  slide  along  the  line  OB. 
This  suggests  the  relationship  ex- 
>F  ^yy^  emplified  at  OEF,  where  the  angle 
EOF  is,  of  course,  equal  to  fi  and 
we  must  now  prove  that,  in  general, 
TF  is  equal  to  SE. 

Geometrically,  draw  SD  and  EF 
perpendicular  to  OE  (that  D  falls 
on  SjEj  is  a  mere  coincidence),  and 
FT  p£;,rallel  to  SE  from  the  intersec- 
tion T,  to  cut  off  the  length  EF; 
then  to  show  that  EF  is  constant  and  EOF  equal  to  f,  note  that 
the  triangles  STG,  OEG  are  similar,  having  respective  sides  at 
right  angles;  then 

ST  :  OE  : :  SG  :  OG; 
and  EF=ST  by  construction;   wherefore 

EF_SG__. 
OE""OG~  ^^^' 

In  this  demonstration,  we  really  derive  an  equivalent  eccentric 
which  makes  TF  =  SE.  Using  trigonometrical  relations,  we  could 
prove  the  equality  directly  for  the  relation  assumed  above;  but 
it  is  aside  from  present  purposes  to  multiply  proofs. 

(/)  Combined  Effect  of  the  Two  Rods. — In  Fig.  381,  we 
make  EiF^  equal  r  tan  /-j,  E3F3  equal  r  tan  ^2>  taking  the  angles 
as  on  Fig.  379:  then  these  extra  eccentric-components  are  pro- 
jected upon  the  horizontal  travel-lines  E^Tif  EjTj,  giving  the 
extra-travel  E^Di,  EjDj,  at  the  respective  ends  of  the  link;  these 
distances  being  necessarily  the  same  as  T^Sj,  TjS,  on  Fig.  379. 
Next  we  join  DiD,,  and  cut  off  the  length  DS  =  /  from  the  hori- 
zontal through  E:  and  we  see  that  the  eccentric  OF,  of  which  SD 
is  the  horizontal  projection,  is  the  resultant  of  OE  and  of  the 
extra  component  EF;  which  last,  as  must  now  be  shown,  is  parallel 
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to  the  crank  CO  and  a  proportional  between  E^Fj  and  EjEj  deter- 
mined by  the  ratio  of  E^E  to  EE,. 


Fig.  381.— Rod-efifect  by  Equivalent  Eccentrics. 

Just  as  the  resultant  of  OEj  and  OEj  is  OE,  drawn  from  the 
origin  0  to  a  proportional  point  E  on  the  line  EjE,,  so  also  can 
the  resultant-efifect  EF  of  EjFi  and  E^F,  be  found  by  a  graphical 
combination.    This  is  worked  out  in  Fig.  382,  where  the  rod- 


Fio.  382. — Combination  of  the  Rod-effects. 

effect  components  e^  and  ej  are  transferred  to  the  center  0  (being 
there  doubled  in  length  so  as  to  make  a  figure  of  better  size). 
The  lengths  of  Cj  and  ej  can  be  most  conveniently  got  by  drawing 
the  outline  of  the  link-motion  in  its  ideal  mid-position,  at  OP^Pj, 
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then  measuring  off  OJ=r  and  drawing  the  vertical  J^J,:  evidently, 
JJi=r  tan  y^  JJ2=r  tan  y-j.  Here  OJ  is  r  to  the  enlarged  scale, 
so  that  OGi  and  OG^  are  given  directly  by  JJ^  and  JJj.  These 
two  lines  are,  of  course,  perpendicular  to  their  respective  eccentric- 
radii,  OEj  and  OEj,*  therefore  each  makes  with  the  crank-line 
an  angle  equal  to  the  angle  of  advance  of  the  eccentric  to  which 
it  belongs. 

Now  join  GiGj  and  let  the  crank-line  intersect  it  at  G:  then 
since  OG  bisects  the  angle  G^OGj,  it  divides  the  base  G^Gj  of  the 
triangle  into  segments  proportional  to  the  sides.  This  means 
that  G  is  located  on  Gfiz  just  as  J  is  on  J^Jj,  and  very  nearly 
as  P  on  PjPj  or  E  on  E^Ej;  •  wherefore  the  projection  of  OG  upon 
the  horizontal  stroke-line  will  be  a  mean  between  those  of  OG^ 
and  OG3  according  to  the  ratio  of  PPj  to  PPj,  just  as  ED  is  an 
intermediate  between  E^Dj  and  EjDj  on  Fig.  351. 

(g)  Expression  for  the  Combined  Rod-effect. — One  approxi- 
mation is  included  in  the  statement  just  made,  that  of  assuming 

PPi  :  PP2  =  J  Jj  :  JJ,. 

To  get  a  formula  for  the  length  OG,  we  avoid  excessive  complexity 
only  by  the  further  approximation  of  taking  k^/l  for  tan  7-1,  Aj/i 
for  tan  7*3,  or  of  letting 

Then  since  0^00=0002=  (90-/9)  (see  Fig.  371),  we  have 
OHi=  k^j  sin  ^,        0H2= fc^ysin  /?, 
H,U^=  (k^-k^  J  sin  fi. 

To  simplify,  let  n  be  the  "fraction  of  gear"  as  in  §  50  (d),  or  the 

ratio  which  the  distance  of  P  from  the  middle  of  the  link  bears 

to  the  half-length  k,  Fig.  375:   then  A;i=(l-n)fc,  fcj=(l+n)A;. 

k        1— n 
Now  Ufi  is  the  fraction  ^  or  --^  of  HiHj:  and  for  OG  or  e 

we  have 
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c=0Hi+HiG=(l-n+^^X2n)-~rsin/? 
=  (l~n')jrsin^ (314) 


For  mid-gear,  or  n=0,  this  is  identical  with  the  second  term  of 
Eq.  (313);  and  from  the  form  of  the  variable  factor  (1  — n'), 
we  see  that  the  E-curve,  where  e  is  laid  out  on  a  base  proportional 
to  n,  is  a  parabola. 


Fig.  383. — Construction  of  the  Locus  of  E. 

In  Fig.  383  the  construction  for  G,  from  Fig.  382,  is  made  for  a 
number  of  positions,  and  the  results  plotted.  The  crank  is  put 
on  dead-center,  which  places  the  OG-lines  in  the  most  favorable 
position.  Only  half  the  curve,  from  mid-point  to  one  extreme, 
need  be  determined,  as  the  halves  are  symmetrical:  the  figure 
as  drawn  is  not  quite  consistent,  since  constructed  values  of  OG^ 
and  OG2  are  interchanged  in  laying  them  out;  but  this  does  not 
affect  the  results.  OG  is  found  as  of  double  size,  then  reduced 
and  laid  off  from  D^Dj,  this  line  being  used  instead  of  E^Ej  merely 
to  avoid  overlapping.  Fmally,  OE^^  or  OD,,  is  got  by  Eq.  (313) 
and  the  circular-arc  locus  drawn  in  dotted  line.  The  difference 
between  the  curv^es  is  a  measure  of  the  effect  of  assuming  k/l=' 
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tan  7-;  and  it  appears  that  even  here  this  causes  a  very  small  error, 
which  would  disappear  with  practical  proportions. 

This  completes  our  study  of  the  principal  movement  of  the  link- 
driven  slide.  Taking  up  next  the  secondary  actions,  we  consider 
first  the  effect  of  the  angular  swing  of  the  rods  about  their  lines  of 
mean  slant,  then  the  irregular  movements  at  the  link,  especially 
slip  of  the  block  in  the  link. 

(h)  Oscillation  op  the  Rods. — The  effect  of  this  element  of 
disturbance  can  be  closely  enough  determined  by  the  method  of 
Fig.  357,  applied  through  Fig.  377,  disregarding  the  fact  that  the 
rod-pins  in  the  link  do  not  really  travel  in  straight-line  paths  parallel 
to  the  stroke-line  of  the  valve.  An  example  is  worked  out  in  Fig^ 
384,  where  the  proportions  used  are 

— « 10,  as  against  a  usual  value  of  20  or  more; 

k 

—=2.8,  the  range  of  practice  being  from  2.5  td  3.5. 

Assuming  that  the  leads  are  made  equal  in  full  gear,  we  piuss  the  arc 
KL,  with  I  as  radius,  through  points  found  by  projecting  the  zero- 
positions  of  Ej  and  E,  over  to  the  vertical  center-line.  With  the 
one  eccentric  in  full  control,  this  curve  gives  a  complete  solution 
of  the  problem,  for  full  gear.  The  more  general  case  is  represented 
by  half-gear  forward,  for  which  are  derived  and  plotted  the  results 
shown  at  II. 

The  curves  K^Lj,  KjLj,  are  drawn  from  centers  on  the  lines 
OPj,  OPj.  Angle-scales  for  Ej  and  Ej  are  laid  out,  the  first  num- 
bered outside  the  circle,  the  second  inside:  by  connecting  points 
with  the  same  number,  we  should  get  successive  positions  of  the 
eccentric-span  EjEj.  For  each  position,  the  horizontal  distance 
between  the  particular  KL-curve  and  its  straight  line  is  measured 
for  both  eccentrics;  and  a  mean  between  the  two  in  proper  pro- 
portion— here  one-fourth  of  the  way  from  the  first  to  the  second — 
is  laid  off  from  the  end  of  the  Zeuner  ordinate  at  II.,  with  due  regard 
to  direction,  each  resulting  point  being  marked  by  a  small  circle. 
The  latter  figure  is  made  double-size,  to  show  up  better. 
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(t)  The  Characteristic  Effect  of  this  action  is  well  brought 
out  by  this  example.  Just  as  in  full  gear,  though  not  quite  to  the 
same  degree,  eccentric-displacement  toward  the  right  gives  the 
larger  port-opening,  and  should  therefore  control  admission  to  the 
head  end.  Keeping  in  mind  the  change  in  the  characteristic 
position  of  the  mechanism,  this  conforms  to  the  statements  in 
§  49  (a).  Fiuther,  valve-movement  is  no  longer  symmetrical  with- 
respect  to  the  diameter  OD,  but  there  is  later  cut-oflf  when  the  ec- 


Fig.  384. — Diagrams  of  Rod-effect. 

centric  is  to  the  right  than  to  the  left.  Then  with  a  direct  valve 
directly  driven,  or  with  an  indirect  valve  and  reversing-rocker, 
the  rod-eflFect  will  tend  to  equalize  cut-offs.  With  the  usual  ar- 
rangement in  American  practice,  however,  this  effect  increases 
the  non-symmetry  of  the  steam-distribution:  but  when  the  rods 
are  made  long  enough  to  keep  the  locus  of  E  reasonably  near  the 
straight  line  E^Ej,  the  effect  of  rod-swing  becomes  very  small. 

The  same  method  could  be  used  for  any  other  E-point:  and 
inspection  of  the  figure  will  show  that  no  great  error  would  result 
from  using  the  full-gear  curve  KL  instead  of  the  true  reference- 
arcs  in  any  cfise.  Then  we  have  only  to  study  the  effect  of  rotating 
the  line  EjEj  about  O,  giving  proper  relative  weights  to  the  disturb- 
ances determined  by  drawing  horizontals  from  its  two  ends  acrosa 
the  curve  KL  and  the  vertical  center-line. 


232 


VALVE-GEARS  AND  THEIR  ACTION. 


[Chap.  IX. 


.  385.— The  Link  and  the 
Kccentric  Diagram. 


At  mid-gear,  the  disturbances 
due  to  the  rods  will  be  again 
symmetrical  with  respect  to  the 
OD-line,  as  at  full-gear:  but  right- 
hand  travels  will  be  lengthened, 
those  toward  the  left  shortened. 

(/)  Effects  of  Slip  and  Off- 
set.— It  is  not  practicable  to  fasten 
the  block  in  the  link,  in  the  posi- 
tion belonging  to  each  setting  of 
the  gear:  in  the  locomotive  ar- 
rangement, the  block-pin  moves 
on  a  circular  arc,  at  the  end  of  the 
rocker-arm,  or  determined  by  a 
hanger-link  as  in  Fig.  366;  when 
the  gear  is  direct-driving,  this  pin 
is  either  guided  in  a  straight  line 
by  a  slide,  or  in  an  arc  of  long 
radius  by  guiding-rods.  Whate\'er 
the  arrangement,  its  path  is  gen- 
erally not  that  of  a  point  on  the 
link;  and  the  resulting  slip  of 
block  in  link  will  have  the  effect  of 
varying,  within  the  revolution,  the 
center  of  the  equivalent  single 
eccentric  that  drives  the  valve. 
Further,  with  the  form  of  link 
shown  in  Fig.  367,  and  used  almost 
without  exception  in  American 
locomotives,  the  fact  that  the  rod- 
pins  are  offset  from  the  center-line 
introduces  another  complication 
into  the  movement,  as  the  link 
swings  away  from  its  normal  in- 
clination. This  whole  action  can 
be  best  illustrated  and  explained 
by  means  of  an  example. 
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The  link,  Fig.  385  I.,  belongs  to  a  valve-gear  having  the  same 
proportions  as  that  in  Fig.  384,  except  that  the  rods  are  twice 


Fig.  386. — Link -positions. 


as  long,  making  Z/r=  20,  and  the  link-curvature  is  correspondingly 
less:  in  all  its  proportions,  this  example  represents  average  practice 
very  fairly.    The  link  is  drawn  in  its  ideal  mid-position  for  full- 
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gear  forward,  all  the  arcs  being  struck  from  the  center  of  the  shaft 
(the  mam  axle). 

Fig.  385  II.  shows  a  template,  to  be  made  of  stiflf  paper  or  thin 
sheet-metal,  carrying  all  essential  proportions  and  dimensions  of 
the  link,  and  used  in  drawing  the  diagrams  in  Fig.  386.  L^  and  L^ 
are  the  link-pin  centers,  LjLj  the  link-arc  through  them,  with  the 
rod-length  {  as  radius;  BiB,  is  the  center-line  of  the  slot,  struck 
from  the  same  center  as  LiL,,  hence  with  a  longer  radius.  The 
points  Bi,  B,,  are  determined  by  radial  lines  through  L|  and  L,; 
they  are  the  ideal  driving-points  for  the  respective  full-gear  set- 
tings. The  hanger-pin  is  usually  set  a  little  back  of  the  center 
of  the  slot,  and  is  here  on  the  straight  line  through  B|  and  B,. 

In  Fig.  385  III.  are  given  the  eccentric-positions  for  which 
the  diagrams  in  Fig.  386  are  drawn :  vertical,  horizontal,  and  mid- 
quadrant  positions  of  the  line  E^E^  are  taken  as  representative, 
and  the  numbering  corresponds  with  that  in  Fig.  384.  The  method 
employed  in  laying  out  Fig.  386  is  as  follow?: 

For  any  particular  crank-angle,  as  6,  arcs  are  struck  from 
the  respective  eccentric-centers,  giving  loci  of  Lj  and  L,;  from  the 
suspension-pin  G,  with  GH  as  radius,  is  drawn  another  arc  on  which 
H  must  lie;  and  by  trial  the  position  of  the  template  is  found  that 
will  place  the  three  points  Li,  L,,  and  H,  each  on  its  proper  curve. 
Then  an  arc  from  the  rocker-center  locates  the  block-pin,  at  R; 
and  the  distance  RB  shows  the  slip  of  the  block,  from  its  normal 
position  B.  In  each  figure,  the  vertical  through  P  is  the  reference- 
line  for  the  movement  of  L;  while  Q,  at  the  distance  LB  from  P, 
fixes  the  similar  center-line  for  B. 

We  note  at  once  that  the  slip  is  least  when  the  line  EjEj  is  verti- 
cal, at  0  and  12,  greatest  when  this  line  is  horizontal,  at  6  and  18, 
or  when  the  link  makes  the  greatest  angle  with  its  mid-position: 
and  that  inclination  of  the  link,  by  inclining  the  line  LB  from  the 
horizontal,  makes  the  distance  B-Q  differ  from  L-P;  (by  B-Q  and 
L-P,  and  by  R-Q,  we  mean  the  horizontal  distances  from  B,  L,  or 
R  to  the  reference-line  designated  by  P  or  Q).  Around  6,  the  sUp 
more  than  compensates  for  the  shortening  of  B-L,  and  makes  the 
travel-distance  R-Q  greater  than  L-P:  and  at  18  the  smaller  slip 
combines  with  the  slant-effect,  so  as  again  to  increase  the  travel. 
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(k)  Location  op  the  Hanger-pin. — From  examination  of  Fig. 
386  we  see  that,  in  the  matter  of  slip  and  its  effect,  a  great  deal 
depends  upon  the  location  of  H  on  the  link.  Since  the  travel  is 
nearly  the  same  at  0  and  9  and  at  12  and  21,  cut-off  will  occur 
at  about  9  and  21  in  full  gear.  In  this  example — direct  valve 
with  rocker — crank-end  admission  takes  place  from  0  to  9,  head- 
end from  12  to  21.  To  equalize  cut-offs,  therefore,  a  certain  value 
of  R-Q  should  be  reached  sooner  near  9  than  near  21 :  and  the  fact 
that  R-Q,  decreasing,  has  reached  a  smaller  value  at  9  than  at 
21  shows  a  tendency  thus  to  equalize.  Putting  H  forward,  upon 
the  slot-curve  BiB,,  would  increase  the  inequality;  moving  it  back 
toward  LiL,  would  at  first  equalize  the  travels,  then  reverse  the 
inequality,  because  the  slip  has  so  much  the  greater  effect  at  9. 

A  complete  investigation  of  the  effect  of  slip  and  offset,  for 
different  gear-settings,  would  be  quite  an  extensive  operation. 
Having  illustrated  the 'method  to  be  used,  we  shall  not  go  any 
farther  into  this  very  special  problem:  but  it  may  be  well  to  re- 
mark that  the  location  actually  used  for  H  is  about  as  here  given. 

The  movement  of  the  link  is  shown  by  grouping  together  at 
II.,  in  Fig.  386,  all  the  positions  of  the  arc  LjL,:  and  it  appears 
that  the  position  of  the  link-template  could  be  found,  accurately 
enough  for  all  practical  purposes,  by  taking  the  pin-travels  for 
L^  and  L,  from  a  diagram  like  Fig.  384  I.  with  straight  reference- 
lines,  and  laying  them  off  horizontally  from  the  mid-position  locus 
PP'.  Short  straight  lines,  parallel  to  the  nearest  part  of  this 
arc,  would  replace  the  true  loci  of  Lj  and  L,  as  drawn  in  I.,  and 
would  save  the  trouble  of  repeatedly  using  the  long  radius  I. 

In  the  marine-engine  gear,  Fig.  368,  the  hanger-pin  is  in  line 
with  the  forward-running  rod-pin,  and  there  will  be  little  slip 
wheji  the  forward  eccentric  has  predominant  control:  the  idea 
being,  to  favor  the  more  usual  condition  of  operation,  at  the  ex- 
pense of  that  which  exists  only  occasionally. 

(l)  As  THE  Result  op  this  Discussion  of  the  secondary 
disturbing  actions,  under  Figs.  384  to  386,  we  may  conclude 
that,  with  usual  proportions,  departures  from  the  harmonic  motion 
due  to  the  equivalent  single  eccentric  will  be  relatively  small. 
For  most  purposes,  the  simple  valve-diagram,  as  in  Fig.  372,  gives 
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sufficiently  accurate  results.  But  it  is  well  to  have  an  idea  of 
the  character  of  the  modifying  actions,  and  to  be  able  to  deter- 
mine their  effects  with  the  minimum  of  work.  Of  course,  the 
ultimate  determination  is  that  made  by  actually  plotting  the 
mechanism,  as  in  Fig.  386  I. 

(m)  Non-symmetrical  Eccentrics  in  the  Stephenson  Gear. 
— In  order  to  cover  the  link-motion  completely,  we  must  consider 
also  this  more  general  type  of  arrangement.  The  simplest  case, 
and  one  frequently  applied  in  practice,  is  represented  by  Fig.  287, 
where  the  eccentric-radii  are  of  the  same  length  but  the  angles 
^1,  ^2,  are  unequal.  Reviewing  the  derivation  of  the  eccentric- 
locus  and  considering  Figs.  376,  379,  and  especially  381  and  382, 
it  is  not  hard  to  see  that  the  point  Eq,  the  equivalent  center  when 
the  block  is  at  mid-link,  is  really  determined  by  the  bisector  of 
the  angle  E1OE2.  In  the  usual  arrangement,  this  bisector  coin- 
cides with  the  crank-line;  in  Fig.  387  it  makes  a  small  angle  with 
the  crank;  but  after  it  has  been  determined,  the  E-curve  is  to 
be  used,  and  any  particular  center  located,  just  as  in  Fig.  371. 
The  essential  point  of  this  argument  is,  that  the  triangle  E1OE2 
is  the  important  determinant  at  the  shaft,  the  position  of  the 
crank  relative  to  this  triangle  having  no  effect  upon  the  absolute 
movement  of  the  valve,  but  affecting  only  its  movement  with 
reference  to  the  crank  and  the  piston. 


Fig.  387. — Equal  Eccentrics  at 
Unequal  Angles. 


Fig.  388.— Both  Radii  and  Angles 
Unequal. 


The  most  general  case,  in  Fig.  388,  has  the  eccentric-radii  un- 
equal as  well  as  the  angles.     Under  the  conditions  of  Fig.  376, 
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the  mid-gear  point  G  on  the  straight  locus  would  bisect  the  length 
E1E2;  and  the  corresponding  rod-slant  effect  GEq  is  a  mean 
between  EiFi  and  E2F2,  or  between  DiFi  and  D2F2.  Using 
k/l  for  tan  y,  as  under  Fig.  382,  we  have 

EiFi=yri,        E2F2=yr2. 

Further,  disregarding  the  error  due  to  the  fact  that  OG  no  longer 
quite  bisects  E1OE2,  we  get  GE©  nearly  enough  by  taking 

_DiFi-hD2F2_A;  ri+rz  .    ^  ,^-.. 

Practically,  then,  we  have  only  to  join  Ei  and  E2  by  a  straight 
line,  measure  off  perpendicularly  from  the  middle  of  it  the  dis- 
tance given  by  (315)  to  get  Eq,  and  draw  an  arc  through  these 
three  points. 

Another  departure  from  symmetry  of  arrangement  is  seen  in 
Fig.  454,  where  the  stroke-line  of  the  block-pin — ^as  most  nearly 
represented  by  a  horizontal  straight  line — does  not  pass  through 
the  centre  of  the  axle.  This  condition  of  affairs  is  quite  often 
found  in  locomotives,  both  in  the  valve-gear  and  in  the  main 
engine-mechanism;  but  the  amount  of  offset  is  small  compared 
with  the  rod-lengths.  It  can  be  taken  into  account  by  the  methods 
of  Fig.  380,  which  will  slightly  change  the  points  Ei  and  E2  of 
the  E-locus  from  the  actual  centers.  Practically  equivalent  is 
the  assumption  that  the  stroke-line  passes  through  the  shaft- 
center  but  is  no  longer  horizontal;  then  the  method  of  Fig.  342 
can  be  used  in  drawing  the  valve  diagrams. 

(n)  Other  Link-motions. — Two  variations  upon  the  Stephen- 
son gear  are  outlined  in  Fig.  389,  both  drawn  in  the  characteristic 
position  for  the  stationary  engine,  in  order  to  bring  out  the  funda- 
mental relations  in  that  case — although  the  gears  have  been  used 
mostly  on  locomotives.  In  the  Gooch  mechanism,  at  I.,  the  link 
is  kept  in  a  constant  suspension,  and  the  driving-rod  VB  shifts: 
this  makes  necessary  a  reversal  of  the  curvature  of  the  link.  In 
the  Allen  gear,  both  link  and  rod  are  moved,  by  a  double  suspension- 
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lever:  the  link  is  straight,  so  that  the  center  of  travel  for  the 
block  varies;  but  this  is  compensated  by  the  effect  of  changing 
the  slant  of  the  rod  VB,  with  the  result  that  V  has  a  practically 
constant   mid-position.    The   proper   proportioning   ef   the   two 


Fig.  389. — Gooch  and  ADen  Link-motions. 


suspensioh-arms  is  an  important  point  in  the  design  of  this  valve- 
gear. 

The  rod  VB,  in  either  case,  remains  at  a  practically  constant 
inclination  as  the  shaft  rotates;  and  transmits  horizontal  motion 
without  change,  as  do  the  eccentric-rods  in  Fig.  374. 

It  will  be  noted  that,  for  the  engine-position  here  used  and 
with  open  rods,  the  forward  eccentric  (the  one  for  right-hand 
rotation)  is  connected  to  the  lower  end  of  the  link:  so  that  the 
rods  are  crossed  when  the  crank  is  on  the  head-end  dead-center. 
The  general  rule  stated  in  §  50  (c)  applies  equally  well  to  this  case, 
however,  as  appears  from  Fig.  389  II. 

(o)  Analysis  op  the  Gooch  Gear. — Here  the  link  has  always 
the  movement  which  an  equivalent  Stephenson  link  would  have 
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in  mid-gear.  Laying  out  the  two  actual  eccentrics  at  OEj  and 
OEj  in  Fig.  390  I.,  we  find  the  equivalent  eccentrics  driving  the 
ends  of  the  links  after  the  manner  of  Fig.  380,  by  measuring  off 


Fig.  390. — Eccentric  Diagrams  for  Gooch  and  Allen  Gears. 


EF  equal  to  r  tan  y  or  to  k/lXr:  or  we  may  draw  the  Stephenson 
curve  EjME,  and  the  line  FiF,  tangent  to  it,  determining  the 
length  of  EjFi  and  E^Fj.  Then  the  horizontal  movement  of  any 
point  on  the  link  will  be  the  same  as  that  of  a  similarly  located 
point  on  the  line  FiF,.  The  full-gear  valve-circles  are  drawn 
on  ODi  and  OD,,  symmetrical  with  OFi  and  OFj. 

That  the  lead  will  be  constant  with  this  mechanism  can  also 
be  seen,  very  simply,  by  the  fact  that  V  will  not  move  as  the  block 
is  moved  up  and  down  in  the  link,  when  the  latter  is  at  the  dead- 
center  position,  as  in  Fig.  389  I. 

(p)  Analysis  of  the  Allen  Gear. — In  determining  the  locus 
of  the  equivalent  single  eccentric  for  this  Cfise,  we  use  the  methods 
of  Figs.  381  to  383:  worked  out  exactly,  it  would  be  more  com- 
plex than  for  the  Stephenson  gear,  because  the  driving-point  for 
the  block  is  off  the  stroke-line  OV.  But  as  a  sufficient  approxi- 
mation, we  find  the  extra  eccentric-effect  due  to  the  mean  slant 
of  the  controlling  eccentric-rod,  when  the  link  is  at  the  full-gear 
position  as  in  Fig.  389 II.,  and  lay  this  off  at  EjE^  and  E^Fj.  With 
the  mid-gear  radius  OM,  foimd  by  the  usual  formula,  we  have 
three  points  through  which  to  pass  an  arc:   and  the  usual  rule 
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of  proportionality  to  block-position  is  followed  in  locating  the 
E-point  on  F^F,. 

In  the  example  shown,  we  have  what  may  be  called  a  "partial- 
gear''  link,  because  the  block  cannot  move  all  the  way  out  to 
the  full-gear  position.  The  effect  is  to  limit  the  eccentric  locus 
at  Gj  and  G,;  and  it  is  for  these  realized  extreme  positions  that 
the  valve-circles  are  drawn  in  Fig.  390  II. 


§  52.  The  Radial  Valve-gears. 

(a)  Under  this  Title  are  comprised  a  number  of  mechanisms 
which  give  practically  harmonic  motion  to  the  valve  and  vary 
the  steam-distribution  in  the  same  general  manner  as  the  shifting- 
eccentric  or  the  link-motion.  They  usually  employ  only  one 
eccentric,  in  a  valve-gear  that  can  reverse  the  engine;  and  in 
one  case,  in  the  Joy  gear,  there  is  no  eccentric  at  all  in  the  ordinary 
sense.  The  two  gears  most  extensively  used,  the  Walschaert  and 
the  Joy,  will  now  be  described  and  discussed;  and  will  serve  as 
typical  examples,  illustrating  the  working  principles  of  the  whole 
class. 

(h)  The  Walschaert  Valve-gear. — ^This  is  very  generally 
used  on  locomotives  on  the  Continent  of  Europe,  though  not 
occupying  the  predominant  position  that  the  Stephenson  gear 
has  in  American  and  English  practice.  A  good  example  is  shown 
in  Fig.  391,  taken  from  a  German  locomotive.  We  shall  refer 
to  this  drawing  later:  but  as  the  basis  of  an  investigation  into 
the  movement  of  the  valve,  will  use  the  skeleton  outline  in  Fig.  392: 
here  the  figure  is  shortened  up  somewhat,  and  the  suspension-rig 
is  rather  more  symmetrically  arranged. 

The  movement  given  to  the  valve-slide  8  is  the  resultant  of 
two  components:  the  first  is  derived  from  the  eccentric  E  through 
the  oscillating  link  3,  and  varies  in  amount  as  B  is  moved  out 
from  P,  and  in  direction  relative  to  the  crank  as  B  is  above  or 
below  P;  the  second  component  is  derived  from  the  cross-head 
through  the  lever  6.  The  resultant  effect  is  equivalent  to  the 
motion  that  would  be  given  by  a  single  eccentric,  shifting  along 
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a  straight-line  locus,  like  E^E,  in  Fig.  376,  as  B  is  shifted  along 
the  link. 


Fig.  392.~Outline  of  Walschaert  Gear. 

(c)  The  Geometrical  Relations  in  this  valve-gear  are  illus- 
trated in  Fig.  393.  In  I.,  BJ)^  is  the  mid-position  of  the  link, 
for  crank  on  dead-center,  while  BD  is  the  same  as  in  Fig.  392: 
the  displacement  BB^  is  to  DD^  in  the  ratio  of  BP  to  DP,  and 


— ^Derivation  of  Equivalent  Eccentric. 


is  here  in  the  opposite  direction.  In  II.,  LJ^^  shows  the  lever  6 
in  mid-position;  and  LjK  shows  the  position  it  would  take  if 
pivoted  at  Ho  as  a  fixed  center,  or  if  H^  were  kept  on  the  center- 
line  L^jKg.  The  displacement  LjL^  is  proportional  to  that  of  the 
piston  from  its  mid-position,  but  is  reversed  in  direction;  so  that 
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it  is  just  what  would  be  given  by  an  eccentric  diametrically  oppo- 
site to  the  crank.  Finally,  the  displacement  HH^  is  the  same 
as  BBo,  and  is  increased  at  LLj  in  the  ratio  of  LK  to  HK:  and 
the  total  valve-travel  LL^  is  the  sum  of  L^L^  and  LLj. 

In  III.  we  show  how  these  displacements  can  be  expressed  as  if 
directly  due  to  eccentric-radii.    To  get  definite  relations,  we  let 

R = crank-arm  OC,  r = eccentric-radius  OE, 

DP=Ao,  BP=A, 

Maximum  length  of  PB  upward     =fti, 
Maximum  length  of  PB  downward =A:^ 

LH  LK_ 

Then  the  displacement  L^L^  would  be  produced,  as  stated 
above,  by  an  eccentric  opposite  to  the  crank,  and  with  the  radius 
ro=mi2,  which  is  shown  as  OEo,  with  OD  as  its  travel-distance, 
the  same  thing  as  LiL^.  The  actual  eccentric  is  laid  off  at  OE'; 
its  effective  length  varies  and  reverses  as  B  moves  in  the  link: 
and  in  order  to  combine  it  with  OE^,  we  measure  it  up  or  down 
from  Eo  on  a  line  perpendicular  to  OC.  Thus  for  the  mechanism 
as  drawn. 

EE,=mj^; (316) 

while  for  the  extremes  we  should  have 

E,Eo=m|^;        E,E,=m^ (317) 

To  make  (316)  strictly  general,  we  should  give  k  an  algebraic 
si^n,  indicating  the  direction  of  PB:  but  it  is  just  as  easy  to  keep 
track  of  direction  on  the  figure,  and  use  (316)  or  (317)  as  simply 
a  quantitative  formula. 

The  geometry  of  this  figure,  with  the  projection  EF  of  the 
eccentric  EE^  representing  LLi,  and  combining  with  FS  or  DO 
■from  EqO  to  give  ES  as  the  total  valve-travel,  is  very  simple.  In  this 
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deduction  we  disregard,  of  course,  all  effects  due  to  oscillation  or 
angularity  of  the  rods  2,  6,  and  7,  and  of  the  connecting-rod,  and 
to  the  curvature  of  the  link — all  which  would  modify  slightly  the 
principal,  harmonic  motion:  and  in  taking  £  at  a  single  point, 
we  do  not  consider  slip  of  the  block  in  the  link. 

Since  the  locus  of  E  is  straight,  slip  cannot  alter  the  lead: 
but  it  may  affect  the  cut-offs  considerably.  Thus  in  Fig.  391 
it  is  evident  that,  on  account  of  the  slant  of  the  suspension-link 
to  the  left,  B  will  rise  above  the  mean  position  during  admission 
to  the  left-hand  end  of  the  cylinder,  will  fall  below  for  the  other 
end:  this  will  retard  cut-off  in  the  forward  stroke,  and  will  thus 
tend  to  equalize  the  cut-offs.  The  proper  amount  of  distortion 
from  synunetry  in  the  adjusting-gear,  necessary  to  a  desired  effect, 
could  be  found  only  by  a  close  investigation:  and  it  is  to  be  noted 
that  any  such  distortion  will  favor  the  steam-distribution  for  one 
direction  of  running,  at  the  expense  of  that  for  the  other  direc- 
tion. 

(d)  The  Joy  Valve-gear. — ^An  example  of  this  mechanism, 
likewise  taken  from  a  German  locomotive,  is  given  in  Fig.  394. 


Fig.  394.— The  Joy  Valve-gear. 


The  whole  movement  is  derived  from  a  point  near  the  middle 
of  the  connecting-rod.    The  block  4  slides  up  and  down  in  the 
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curved  guide  5:  and  while  this  action  is  essentially  diflferent  from 
that  of  the  block  and  Unk  in  any  of  the  preceding  gears,  where 
slip  was  only  incidental,  we  shall  nevertheless  call  this  piece  5 
the  link.  By  changing  the  inclination  of  this  link,  the  steam- 
distribution  is  changed;  and  by  reversing  its  inclination  from  the 
vertical,  the  engine  is  reversed.  The  fact  that  the  valve  is  driven 
as  though  by  an  equivalent  eccentric,  shifting  along  a  straight 
line,  while  it  is  less  apparent  than  with  the  Walschaert  gear,  can 
yet  be  established  without  great  difficulty. 

{e)  Kinematic  ANALYSis.^For  this  purpose,  we  again  have 
recourse  to  a  skeleton  outline,  shown  in  Fig.  395;    where  the 


Fig.  395. — Outline  of  Simplified  Joy  Gear. 


mechanism  is  modified  in  one  particular,  namely,  in  that  the  link 
5  is  made  straight,  JJ  representing  its  center-line  along  which  the 
point  H  on  the  lever  3  must  travel;  and  the  movement  of  the 
valve-slide  is  then  taken  from  the  pin  K,  not  through  a  rod,  but 
by  the  block  and  cross-slot  shown  at  II.  The  deduction  is  as 
follows: 
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The  vertical  line  K^Eg,  located  by  making  OD^  equal  to  CD, 
is  an  ideal  mid-position  for  the  valve-gear:  the  pivot  M  of  the 
link  is  on  this  line;  and  if  D  were  brought  to  D^  the  levers  2  and  3 
would  lie  at  D^GgE^  and  GoH^K^,. 

The  horizontal  displacement  of  D  from  Dq,  given  by  D'D^, 
is  intermediate  between  the  hannonic  piston-distance  CO  and 
the  actual  distance  WWg  from  mid-stroke:  in  other  words,  D 
moves  over  the  same  range  as  the  piston,  but  receives  only  a 
part  of  the  effect  of  the  angular  swing  of  the  connecting-rod. 
If  E  travelled  in  a  vertical  straight  line,  the  distance  of  G  from 
DqGq,  which  we  shall  call  A^,  would  be  a  constant  fraction  of  D'Dg, 
determined  by  GE/DE  or  m.  Actually,  the  drawing  of  E  to 
the  right,  on  account  of  the  swing  of  EF,  compensates  for  the 
rod-effect  at  D',  so  that  G  has  almost  perfect  harmonic  motion 
horizontally;  and  Aj  is  given  by  the  relation 

hi^mR cos  a (318) 

Vertically,  DD'  bears  to  CC  the  constant  ratio  n=DW/CW: 
and  if  we  imagine  the  lever  DE  detached  and  swung  to  DE',  and 
HG  to  HG",  we  see  that  the  angularity-effects  of  these  two  rods 
will,  with  good  proportions,  practically  neutralize  each  other; 
so  that  the  displacement  i7  of  H  from  Hg,  shown  as  LM  at  II.,  will 
be  harmonic,  and  will  have  the  value 

t?=nflsina (319) 

Since  the  path  of  H  is  inclined,  the  effect  of  v  will  be  to  give 
this  point  a  horizontal  displacement  also,  namely,  LH  at  II., 
or  h^i  and  if  we  let  p  be  the  tangent  of  the  angle  JMP,  we  get 

h2=npRsma (320) 

Then  the  distance  GG",  which  determines  the  swing  of  GH  from 
the  vertical,  is 

(hi  -f  h^)  =  R{m  cos  a + np  sin  a) .       .     .     .    (321) 
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The  movement  NK,  due  to  this  swing,  will  be  proportional  to    • 
GG"  in  the  ratio  KH/HG,  or  k;  and  for  NK  or  A,  we  get 


(322) 


(323) 


h^-=^kR(m  cos  a+ np  sin  a).      .    . 
Finally  the  valve-travel  PK  or  t  will  be 

/=Aj-fA8=A:mJBcos  a-f(l+fc)npflsin  a; 

where  jB= radius  of  crank,         t=HK-^HG, 

m=GE-^DE,  p=:tanJMP. 

n=DW^CW, 


(/)  The  Equivalent  Single  Eccentric. — Equation  (323)  is 
embodied  in  Fig.  396,  similar  to  Fig.  393  III.  Making  OE^^kmR 
(constant),  and  E<>E=(l+*:)npft  (va- 
riable with  p),  we  see  at  once  that 
the  two  parts  of  t  are  given  by  SF 
and  FE.  The  limits  of  E,  at  E^  and 
Ej,  are  determined  by  the  extreme 
values  of  the  tangent  or  slant-ratio  p. 

(gf)  The  Curved  Guide-link. — 
We  must  now  substitute  for  the 
straight  guide  JJ  the  actual  curved 
slot,  in  order  that  the  travel  may 
be  properly  transmitted  to  the  valve 
by  a  simple  rod.  In  Fig.  397  I.  this 
part  of  the  mechanism  is  shown  in  mid-gear — that  is,  for  p=0 — 
and  also  as  if  D  were  brought  to  D^,  in  Fig.  395.  The  link-arc  i^^ 
is  struck  with  a  radius  HO  equal  to  the  length  of  the  valve-rod. 

The  effect  of  the  curved  guide  is  shown  by  the  comparison 
between  II.  and  III.  The  former  is  the  same  as  Fig.  395  II.: 
in  the  latter,  giving  JJ  the  same  inclination  from  Jj^J^,  we  see 
that  PK  is  just  a  little  larger  than  with  a  straight  link.  The  arc 
K^jP,  struck  as  if  from  V  in  I.,  is  the  reference-line  for  mid-position 
of  valve. 


Fia.  396. — ^Equivalent  Eccen- 
tric. 
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This  last  effect  is  small,  and  a  determination  of  its  amount  and 
manner  of  variation  would  involve  a  closer  study  of  the  valve- 
gear  than  is  here  desirable.  It  is  apparent,  however,  that  there 
ought  to  be  large  possibilities  in  the  direction  of  equalization  of 
cut-offs,  with  judicious  distortion  of  this  mechanism  from  sym- 
metry of  arrangement. 

(A)  Principle  of  the  Radial  Gear. — It  is  now  apparent 
that  the  fundamental  principle  of  these  gears  is  the  combination 
of  two  eccentric-radii,  a  constant  component  along  the  crank-line, 
and  a  variable  component  perpendicular  to  this  line.    In  the  Joy 


^i'    *Jo 


Fig.  397. — Curvature  of  the  Link. 


gear,  both  components  are  derived  from  the  main  crank;  in  the 
Walschaert,  one  is  taken  from  an  eccentric,  the  other  from  the 
crank  (at  the  cross-head) ;  and  in  a  third  typical  case,  illustrated 
at  Fig.  488  in  connection  with  another  part  of  the  subject,  both 
components  are  derived  from  a  single  eccentric.  In  all  these 
arrangements,  as  pointed  out  above,  there  is  likely  to  be  a  con- 
siderable modification  of  the  principal,  harmonic  movement  by 
secondary  influences. 

(i)  Merits  of  the  Radial  Gears. — These  valve-gears  have 
one  advantage  in  that  they  require  very  little  room  sidewise — 
that  is,  in  a  direction  measured  aJong  the  axis  of  the  engine-shaft: 
so  that  where  the  engine  is  cramped  for  space,  as  in  a  locomotive 
with  inside  cylinders,  they  can  be  more  easily  accommodated  than 
the  Stephenson  gear.  And  when  the  valve-chest  is  most  conven- 
iently placed  on  top  of  the  cylinder,  as  in  the  locomotive,  or  in 
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front  of  it  in  a  marine  engine — ^that  is,  in  general,  in  the  plane 
of  the  main  working  mechanism — ^then  these  gears  obviate  the 
need  of  a  rocknshaft  to  transfer  the  movement.  They  have  more 
joints  than  the  link-motion,  unless  the  latter  is  complicated  by  a 
lot  of  extra  transmitting-rig,  as  in  Fig.  366:  and  in  the  Joy  gear, 
the  curved  guide  is  not  a  very  good  feature  from  the  point  of  view 
of  lubrication  and  wear. 

They  are  used  chiefly  on  locomotives,  sometimes  on  marine 
engines.  The  locomotive  from  which  Fig.  394  was  taken  is  a 
four-cylinder  compound;  the  inside  cylinders  have  the  Joy  gear 
there  illustrated,  the  outside  cylinders  have  Walschaert  gears. 
For  the  latter,  the  return-crank  is  a  very  effective  device  for  carry- 
ing the  eccentric. 


§  53*  The  Double-valve  Gear. 

(a)  General  Considerations. — ^It  has  been  made  clear  by 
Figs.  338,  348,  and  351  that  when  early  cut-off  is  secured  with  a 
single  slide-valve,  the  lap  must  be  relatively  very  large  and  the 
port-opening  small;  and  that  the  compression  must  begin  early 
in  the  return-stroke,  on  account  of  the  great  angular  advance  of 
the  eccentric.  To  prevent  early  compression  from  running  too 
high,  the  clearance  must  be  large;  but  while  large  clearance  is 
incidental  to  the  design,  and  unavoidable,  in  most  high-speed 
engines,  and  while  a  good  compression  is  mechanically  advantageous- 
when  the  inertia-force  of  the  reciprocating  parts  is  large,  a  closer 
search  for  economy  renders  desirable  a  valve-action  which  will 
not  cut  away  so  much  of  the  possible  effective  area  of  the  steam 
diagram  as  is  lost,  for  instance,  in  Fig.  31.  Simpler  than  the 
arrangements  with  separate  valves  and  ports  for  admission  and 
exhaust,  and  with  no  limitations  as  to  speed,  the  Meyer  or  double 
slide-valve  gear  is  the  first  type  which  we  shall  consider  as  meeting 
the  requirements  of  full  port-opening,  quick  cut-off,  and  the  most 
favorable  regulation  of  the  exhaust  operations. 

(6)  The  Meyer  Valve-gear. — ^In  Fig.  398  the  main  valve  Vq, 
is  extended  beyond  the  lap-edges,  so  as  to  enclose  the  ports  P,  P; 
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and  on  its  flattened  back  rides  the  cut-off  or  expansion  valve  V©, 
which  controls  the  passage  of  steam  through  the  ports  in  the 
main  valve.  The  latter  determine  the  operations  of  admission, 
release,  and  compression,  just  like  a  single  valve:  it  is  driven  by 
a  fixed  eccentric,  and  does  not  cut  off  until  late  in  the  stroke,  so 
that  it  can  give  a  good,  full  port^pening.  Eariy  and  variable 
cut-off  is  effected  by  the  riding-valve.  Very  frequently  the  latter 
is  driven  by  a  shaft-govemor;   but  in  Fig.  398  is  shown  an  ad- 


Fig.  398. — Meyer  Valve  with  Variable  Lap. 


justable  device  (not  automatic),  often  used  on  air-compressors, 
where  the  governor  acts  by  throttling.  By  means  of  right  and 
left  threads  on  the  valve-rod,  the  two  parts  of  the  expansion- 
valve  can  be  separated  or  brought  together  so  as  to  make  the 
cut-off  earlier  or  later.  When  adjusting,  the  clamping-nut  N 
is  slacked  off  a  little  and  the  rod  turned  by  the  spanner-wheel  W 
until  the  indicator  R  is  at  the  desired  cut-off,  as  graduated  on  the 
slide  S:  then  the  nuts  are  screwed  up  tight. 

(c)  Relative  Movement  of  the  Cut-off  Valve. — In  the 
diagram  of  the  eccentrics,  Fig.  399,  Em  is  the  center  that  drives 
the  main  valve,  while  E©  drives  the  expansion-valve;  and  the 
absolute  movement  of  the  latter,  or  its  movement  with  reference 
to  the  fixed  valve-seat,  is  determined  by  the  rotation  of  the  eccen- 
tric-radius OEe.  We  are  interested,  however,  not  in  the  absolute 
position  of  V,  at  any  distant,  but  in  its  position  on  Vm:  and  this 
relative  travel  is  got  by  thinking  of  V©  as  driven  on  V^  by  the 
eccentric-radius  EmEe,  or  rv.  The  geometrical  relation  involved 
is  simply  that  SE©,  the  horizontal  projection  of  EmE©,  gives  always 
the  distance  of  the  center-line  of  \'e  from  that  of  Vm-    The  fact 
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that  this  crank-arm  rotates  about  a  moving  point  Em  is  inama- 
terial ;  but  this  movement  of  the 
center  of  rotation  can  be  elimi- 
nated by  shifting  fy  to  OEy,  or  to 
the  opposite  side  of  a  parallelo- 
gram of  eccentrics:  then  since 
S'Ev  is  always  the  same  as  SEe, 
we  have  that  Ve  would  be  driven 
on  a  fixed  valve-seat  by  OEy 
just  as  it  is  actually  driven  on 
its  moving  seat  by  E^Ee.    The 

radius  r^  we  call  the  virtual  eccentric;  and  its  angle  d  is  measured 
oflf  as  indicated  on  Fig.  399. 


Fig.  399. — ^Relations  of  the  Eccentrics. 


Fig.  400.— Relative  Motion  Uluatrated. 


The  ideas  just  stated  are  expressed  in  yet  more  graphic  form 
in  Fig.  400,  where  the  three  valve-circles  are  drawn  in  the  usual 
manner,  and  the  crank  is  taken  at  any  position  OC.  The  relation 
between  the  three  travel-distances,  namely, 


OFa=OFi+OFj,    or    /e=/m+^ 


(324) 


is  clearly  shown  on  I.;  this  is  further  brought  out  at  II.,  as  also 
the  fact  that  the  absolute  velocity  7,  of  the  riding-valve  is  the 
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resultant  of  the  absolute  velocity  V^  and  the  relative  velocity  F,. 
It  will  be  noted  that  the  two  valves  are  never  simultaneously  in 
mid-position,  as  drawm  for  illustrative  purposes  in  Fig.  398. 

(d)  Functions  of  the  Cut-off  Valve. — It  is  required  of  this 
valve  that,  being  out  of  the  way  when  main-valve  admission 
begins,  so  as  to  leave  a  clear  passage  into  the  p6rt  P,  it  shall  then 
close  this  port  quickly  at  some  desired  instant,  earlier  or  later, 
in  the  stroke  of  the  piston.  Any  crank-driven  slide  moves  most 
rapidly  when  near  the  middle  of  its  stroke;  consequently,  the 
cut-off  valve  must  have  a  small  lap  if  it  is  to  be  in  rapid  motion 
when  closing  its  port.  Very  often  the  lap  is  negative,  or  the 
valve  does  not  cover  the  ports  when  in  mid-position,  as  is  the 
case  in  Fig.  398. 


Fig.  401.— Effect  of  Varying  the  Lap. 

(e)  Positive  and  Negative  Valves. — Certain  ideas  funda- 
mental to  the  whole  matter  of  valve-action  are  given  concrete 
and  complete  expression  in  Fig.  401.  By  means  of  primary 
diagrlams  of  the  ordinate  type  (the  simple  eccentric  diagram  of 
Figs.  331  and  332),  we  emphasize  the  fact  that  the  important 
result  sought  in  any  determination  of  valve-motion  is  the  move- 
ment of  the  valve-edge  with  reference  to  the  port-edge,  rather 
than  of  the  center  of  valve  with  reference  to  center  of  seat — this 
by  markedly  substituting  the  lap-line  QR  for  the  center-line  GH 
as  a  reference-line.  'Further,  we  show  in  II.  how  with  positive 
lap  the  period  of  opening  is  less  than  half  a  revolution,  so  that 
the  single  valve  is  necessarily  of  this  type,  on  the  steam  side  at 
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least;  while  the  valve  with  negative  lap,  or  the  negative  valve, 
opens  its  port  for  more  than  half  a  revolution,  and  can  therefore 
control  only  one  operation.  Rotating  II.  into  the  regular  Reuleaux- 
diagram  position,  we  easily  see  that  the  eccentric  driving  a  single 
valve  must,  of  necessity,  be  in  the  second  quadrant  ahead  of  the 
crank  if  the  valve  is  direct,  in  the  fourth  if  it  is  indirect. 


Mi.K 


Fig.  402.— Locating  the  Valve  Diagram. 


(/)  Eccentric-setting  for  the  Negative  Valve. — ^In  Fig. 
402,  Zeuner  diagrams  are  used  to  illustrate  these  same  ideas, 
and  to  show  how  the  eccentric-setting  for  a  negative  valve  is 
determined.  I.  and  II.  are  entirely  obvious,  but  we  now  lay 
especial  stress  on  the  facts  that  the  crescent  EDG  is  a  diagram 
of  port-opening,  and  that  the  cut-off  intersection  G  determines  the 
crank-angle  for  which  the  valve  is  at  the  distance  a  to  the  right, 
but  is  moving  toward  the  left. 

Vl^ith  the  negative  lap  —a  shown  at  IV.,  let  us  require  that 
the  valve  close  the  port  when  the  crank  is  at  OC  in  III.  The  lap- 
circle  is  drawn  with  absolute  radius  8,  algebraic  sign  having  no 
immediate  significance.  For  cut-off,  the  valve  must  be  to  the 
left,  wherefore  the  valve-circle  must  necessarily  go  through  E 
instead  of  E':  and  the  fact  that  the  negative  travel-intercept 
must  increase  as  the  crank  advances  puts  the  circle  in  the  full-line 
position  on  OD,  as  against  that  on  OD'.    The  crescent  EDL  is 
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now  a  diagram  of  port-closure;  and  we  see  further  that  it  is  char- 
acteristic of  a  negative  cut-off  valve,  if  of  the  outside -admission 
type,  to  have  its  valve-circle  in  the  fourth  quadrant,  and  its 
virtual  eccentric  in  the  third  quadrant  ahead  of  the  crank. 

(g)  Varying  the  Cut-off. — ^The  action  of  the  devicfe  in  Fig.  398 
is  shown  by  Fig.  403,  where  cut-offs  are  determined  for  laps  varying 
by  quarters  from  minus  three-fourths  to  plus  three-fourths  of  the 
radius  of  the  virtual  eccentric.  Through  comparison  with  Fig. 
402  III.,  the  diagram  is  self-explanatory.    One  point  to  be  noted, 

especially  marked  for  the  cut-offs  desig- 
tL-=1     *  nated  -f3  and  —3,  is  that  the  valve- 

edge  approaches  the  cut-off  position 
more  rapidly  from  the  negative  than 
from  the  positive  side,  the  curvature 
of  the  valve-circle  showing  this  very 
clearly.  Another  point  is,  that  with 
a  large  negative  lap  the  period  of 
closure  is  short;  so  that  if  the  cut-off 
Fio.  403.-^ntrol  by  Varia-      jg  ^^^  ^^.jy^  ^y^^  expansion-valve  may 

reopen  its  port  before  the  main  valve 
cuts  off.  This  possibility  exists  only  with  extreme  proportions, 
and  belongs  rather  to  the  method  of  regulation  tjrpified  in  Fig. 
404. 

In  Fig.  404 1.,  with  a  negative  lap  equal  to  half  of  rv,  the  valve- 
circle  is  located  for  cut-off  at  0.1,  at  0.3,  and  at  0.5  of  the  stroke: 
and  at  II.  is  given  a  diagram  showing  how  the  center  E,  of  the 
expansion-eccentric  will  have  to  be  rotated  about  E^  in  order  to 
secure  this  effect.  It  is  a  simple  matter  thus  to  pivot  the  second 
eccentric  at  the  center  of  the  first,  and  place  it  under  the  control 
of  a  shaft-governor  of  suitable  design.  A  wider  range  of  cut-off 
would  be  covered  than  is  here  shown:  and  it  is  apparent  that 
the  eccentric  must  be  rotated  by  the  governor  through  an  angle 
equal  to  the  crank-angle  between  earliest  and  latest  cut-off. 

(h)  The  Buckeye  Valve-gear. — In  Fig.  405  is  outlined  an 
interesting  device  whereby  the  effect  of  a  rotation  of  the  \drtual 
about  the  main  eccentric  is  secured  from  a  governor  which  really 
rotates  the  expansion-eccentric  about  the  center  of  the  shaft.    The 
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sketch  of  the  compound  rocker-arm,  at  II.,  helps  to  make  clear 
the  action.  The  cut-off  rocker  GBD  is  pivoted  at  or  near  the 
middle  of  the  main  rocker  AF;  and  the  path  of  the  lower  pin  G 


Fio.  404. — Rotating  the  Virtual  Eccentric. 

passes  right  by  the  fixed  center  A.  If  E,  were  brought  to  0  and 
held  fast  there,  the  two  rockers  would  swing  together  almost  as  a 
rigid  piece:  but  if  G  receives  from  E,  harmonic  motion  with  respect 
to  A — or,  to  be  more  precise;  with  respect  to  its  own  mid-position 


Fig.  405. — ^The  Buckeye  Valve-gear. 

as  shown  at  G^  in  III. — this  absolute  motion  will  be  changed  to 
relative  motion  of  D  with  respect  to  F  at  the  top  of  the  rockers. 
The  reversing  effect  of  the  riding  rocker-arm  is  neutralized  in  the 
usual  manner,  by  reversing  the  eccentric.    A  partial  section  of 
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the  valves,  taken  from  Fig.  253,  shows  their  relative  movement, 
with  the  main  port  not  quite  fully  open,  and  the  cut-oflf  valve 
getting  ready  to  close.  Both  eccentrics  are  in  the  "  indirect "  set- 
ting, El  because  its  valve  is  of  that  type,  E,  on  account  of  the 
rocker  reversal. 

At  III.  the  two  rocker-arms  are  shown  in  mid-position.  Ap- 
proximately, BGo  is  at  right-angles  with  the  line  AO;  though  it 
appears  that  the  effect  of  secondary  movements  of  G  will  be  less 
if  Gg  is  a  little  to  the  left  of  the  foot  of  the  perpendicular  from  B 
upon  AO.  This  is,  however,  a  matter  which  would  require  a  close, 
detailed  investigation,  besides  being  of  small  relative  importance. 
Of  com^e,  the  angle  which  the  stroke-line  of  the  expansion-eccen- 
tric E,  makes  with  that  of  the  engine  must  be  taken  into  account 
in  setting  this  eccentric. 

(i)  Varying  the  Virtual  Eccentric. — ^Moving  the  center  of 
this  eccentric  along  an  arc  struck  from  the  main  eccentric,  as  in 


H  — 'Oa  "^^ 

FiQ,  406. — General  Case  of  Change  in  Virtual  Eccentric. 


Fig.  404,  is  only  a  particular  case  of  the  general  operation  of  shift- 

I  ing  this  center  along  a  definite  locus.    The  problem  illustrated 

in  Fig.  406  is  more  general  in  its  terms,  and  serves  to  bring  out 

some   important   properties   of   the  double-valve  gear.    Having 
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the  main  valve-circle  OD  and  the  lap  OB,  we  find  the  latest  cut-off 
at  OG:  and  the  problem  is,  to  design  a  gear  which  will  change 
the  cut-oflf  all  the  way  from  OC  to  zero,  or  to  OA,  with  the  least 
angular  movement  of  the  virtual  eccentric,  but  with  variation  in 
the  length  of  this  eccentric  permitted. 

Referring  to  Fig.  402  III.,  we  see  that,  with  a  given  negative 
lap,  shortening  the  eccentric-radius  will  make  the  cut-oflf  later: 
or,  since  to  turn  OD  toward  ON,  against  the  direction  of  crank- 
rotation,  is  equivalent  to  advancing  the  eccentric,  the  smaller 
eccentric  will  not  have  to  be  turned  so  far  back  for  a  late  cut-oflf 
as  would  a  larger  one.  In  Fig.  406.  for  the  small  circle  OD^,  this 
same  fact  is  shown  by  the  great  convexity  of  the  segment  based 
on  OFj,  as  compared  with  that  on  OF,:  which  is  another  way  of 
saying  that  angle  FfiT>x  is  less  than  F^ODj.  These  considerations 
make  it  clear  that,  with  a  determinate  angle  F^OF,  of  cut-oflf 
variation,  the  angle  D^OD,  of  eccentric  variation  is  made  less 
by  using  a  small  valve-circle  for  the  late  culroflf  and  a  large  one 
for  the  early  cut-oflf. 

Having  chosen  D^  and  D,,  the  natural  locus  connecting  them 
is  a  circular  arc  from  some  point  on  the  perpendicular  KP,  drawn 
at  the  middle  of  the  chord,  DiDj.  The  farther  away  P  is  taken, 
the  less  will  be  the  angular  movement  of  the  swinging  eccentric. 
Fixing  upon  a  particular  position  of  P,  we  draw  the  locus  of  D. 
Then  transferring  0  to  E  in  II.,  and  reversing  the  whole  figure 
with  reference  to  a  vertical  axis,  we  get  the  locus  E^Ej  of  the 
expansion  eccentric,  on  the  plane  of  the  shaft-governor.  With 
early  cut-oflf,  it  is  interesting  to  note  how  small  becomes  the 
radius  of  the  expansion-eccentric,  which  gives  the  absolute  motion 
of  the  riding-valve. 

At  III.  is  drawn  the  valve-circle  for  quarter  cut-oflf,  the  dotted 
lines  in  I.  showing  how  D3  is  located.  It  does  not  appear  that 
considerations  as  to  steam-distribution  will  have  much  influence 
in  establishing  a  certain  ciu^ature  of  DjDjDj  as  the  most  desirable. 

The  advantage  of  the  regulation  in  Figs.  404  and  405  is,  that 
the  cut-oflf  valve  has  a  constant  travel  on  the  main  valve,  so  that 
wear  will  be  uniform.  In  the  case  of  a  valve  with  variable  travel, 
but  with  a  stroke  less  than  the  maximum  prevailing  most  of  the 
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time,  there  will  be  a  non-uniform  wear  of  the  seat,  leaving  a  slight 
shoulder  or  rise  at  the  limit  of  the  usual  travel. 

(j)  Cut-off  Valve  with  the  Stephenson  Link-motion. — 
This  is  the  last  case  of  the  application  of  the  riding-valve  which 
we  shall  investigate,  using  the  diagrams  given  in  Fig.  407.  At 
I.  is  shown  the  arrangement  of  the  eccentrics,  the  cut-off  valve 
being  driven  by  the  fixed  center  F,  so  that  the  virtual  eccentric 


Fig.  407. — ^Diagrams  for  Cut-off  Valve  with  Link-motion. 

is  EjF,  EjF,  etc.  Valve-diagrams  for  full  gear  forward  are  drawn 
at  II.,  showing  main-valve  cut-oflf  at  (XJj,  that  by  the  second 
valve  much  earlier,  at  OCj.  The  proportions  of  the  figure  are 
so  chosen  that  for  half-gear,  at  III.,  the  two  cut-ofifs  are  simul- 
taneous, and  at  the  latest  possible  point.  It  appears  that  this 
arrangement  would  be  suitable  for  a  reversing-engine  which  was 
to  work  with  a  high  ratio  of  expansion;  but  it  gives  a  rather 
peculiar  manner  of  variation  of  cut-oflf  with  reverse-lever  position. 
It  has  been  used  on  compressed-air  motors. 

(k)  Indicator  Diagrams  from  engines  with  the  double-valve 
gear  are  given  in  Fig.  408.  The  first  set  was  taken  from  an  engine 
with  a  load  that  fluctuated  continually  and  widely,  the  effort  to 
follow  it  keeping  the  governor  dancing.  The  several  expansion- 
curves  traced  are  selected  from  a  large  number  of  closely-spaced 
lines:  constant  compression  and  a  quite  sharp  cut-oflf  are  the 
distinguishing  features  of  these  diagrams.  At  II.  the  admission- 
pressure  drops  as  the  piston  speeds  up  toward  mid-stroke,  prob- 
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ably  because  the  ports  in  this  rather  old  engine  are  inadequate  in 
size;  but  the  cut-off  curve  is  still  quite  short.  Rather  different 
diagrams,  with  late  admission  and  very  short  compression,  are 


Fio.  408. — Indicator  Diagrams  from  Engines  with  the  Double-valve  Gear. 
L  Buckeye  Engine,  16"X24'',  146  R.P.M.;  II.  Buckeye  Engine,  16''X 
32''-110;   in.  Air-compressor,  10"X12"-145. 

shown  at  III.    Compare  with  all  these  the  Corliss-engine  diagrams 
in  Figs.  465  and  476. 


§  54.  Various  Forms  of  the  SUde-valve. 

(a)  Types  op  Valves. — ^The  simplest  possible  plain  slide-valve 
is  that  used  for  illustration  in  Figs.  9  and  334:  it  makes  provision 
only  for  the  essential  functions  of  the  steam-distribution.  In 
practical  application  this  primary  valve  is  modified  and  com- 
plicated along  two  lines:  usually  the  valve  is  "balanced/'  or  ar- 
ranged so  that  it  will  not  be  forced  hard  against  its  seat  by  the 
steam-pressure;  very  often  the  valve  is  so  formed  that  it  will 
permit  flow  past  several  edges,  or  it  is  made  "multiple-ported." 
A  review  of  the  cylinder  drawings  given  in  §  43  will  show  pretty 
clearly  the  following  three  typical  forms  of  the  slide-valve: 

1.  The  single-faced  flat  valve  with  a  relief  device  on  the  back, 
as  in  Figs.  247  to  249. 

2.  The  double-faced  flat  valve,  usually  under  a  rigid  balance- 
plate,  as  m  Figs.  6  and  7  and  Fig.  250.  The  double-seated  valve 
in  Fig.  251  is  a  special  form  imder  this  heading. 
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3.  The  piston-valve. 

In  illustrating  and  describing  a  large  number  of  valves  besides 
those  already  given,  we  shall  use  two  principal  points  of  view, 
examining  the  valves  with  regard  to — 

A.  Form,  with  reference  to  the  functions  of  the  steam-dis- 
tribution; 

B.  Balance  and  tightness,  and  incidentally  the  possibility  of 
relieving  excessive  pressure  in  the  cylinder. 

(fr)  Locx)MOTivE  VALVES,  when  flat,  are  usually  of  the  first 
type;  one  good  example  has  been  shown  in  Figs.  247  to  249, 
and  another  is  given  Fig.  409.  The  balance-rig  is  quite  different 
in  form  in  the  two  cases,  though  the  same  in  effect;  and  it  is  a 
distinctive  feature  of  both  designs  that  this  rigging  is  flexible,  per- 
mitting the  valve  to  rise  easily  for  relief  of  the  cylinder.  Further, 
this  flexibility  obviates  the  need  of  extremely  accurate  parallelism 
between  the  face  of  the  balance-plate  and  the  valve-seat — a  con- 
dition which  is  rather  difficult  of  perfect  attainment  with  two 
copper-packed  joints  between  the  cylinder-table  and  the  valve- 
chest  cover. 


Fig.  409. — Locomotive  Valve  with  "American"  Balance-rig;    special 
design  by  the  Pennsylvania  Railroad.     Scale  1  to  12. 

In  Fig.  409,  the  circular  plate  1,  securely  bolted  upon  the  back 
of  the  valve,  carries  a  cone  2  on  which  fits  the  spring-ring  3.  This 
ring  is  cut  and  has  a  joint  formed  as  shown  in  detail  at  C,  D,  and 
E.    In  the  normal  position  of  the  valve,  the  ring  is  sprung  open 
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just  a  little,  so  that  its  own  elasticity  keeps  it  up  against  the  bal- 
ance-plate: in  action,  it  is  forced  tightly  against  both  plate  and 
cone  by  the  pressure  of  the  steam.  If  the  valve  is  lifted  from 
its  seat,  the  ring  opens;  but  slides  up  again  on  the  cone  as  the 
valve  returns.  The  space  inside  the  ring  is  relieved  to  the  exhaust- 
port  through  the  hollow  tap-bolts.  Valves  made  xmder  this 
patent  sometimes  have  the  cone  formed  right  upon  the  main  cast- 
ing instead  of  on  a  separate  plate — especially  when  two  small 
rings  are  used  instead  of  a  single  large  one. 

The  balance-plate  in  this  particular  design  is  of  imique  and 
unusual  form — being  supported  by  a  big  central  stud  cast  with  it, 
and  drawn  up  by  a  single  large  nut  against  four  lugs,  as  shown 
at  the  left  side  of  view  B,  which  steady  it  against  any  tendency 
to  rock:  in  the  center  of  the  stud  is  an  oil-conduit,  branching  to 
the  sides  of  the  plate.  The  type  of  plate  in  Figs.  247  and  248  is, 
however,  decidedly  the  usual  thing. 


Fig.  410. — German  Locomotive  Valve  with  Allen  port.    Scale  1  to  15. 

Fig.  410  shows  another  valve  with  a  circular  relief-ring:  here 
the  outer  ring  1  is  made  solid  and  held  up  by  four  helical  springs 
in  pockets;  the  inner  ring  2  is  cut,  and  its  cylindrical  inside  sur- 
face fits  against  a  segment  of  a  sphere  formed  upon  the  valve. 
A  special  feature  of  this  valve  is  the  auxiliary  port,  which  passes 
steam  over  from  the  far  side  of  the  valve  to  supplement  the  regular 
admission;  the  two  equal  steam-laps  which  control  admission 
to  the  left-end  port  are  emphasized  in  the  figure,  that  for  direct 
admission  at  the  left,  the  other  at  the  right  end  of  the  valve. 
Writers  in  English  call  this  the  Allen  valve;  in  German  it  is  the 
Trick  valve,  from  a  contemporaneous  inventor.  When  a  single 
valve  is  to  give  early  cut-ofif,  it  is  entirely  logical  thus  to  provide 
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for  double  admission  on  the  steam  side  with  only  a  single  opening 
for  exhaust,  because  of  the  great  inequaUty  in  the  respective 
laps  and  in  the  widths  of  opening  of  the  port.  In  this  figure  there 
is  a  decided  negative  lap,  or  "clearance,''  on  the  exhaust  side. 


Fia.  411. — ^Double-ported  Valve  for  low-pressure  cylinder  of  engine  partly 
shown  in  Figs.  259  and  260.     Scale  1  to  12. 

(c)  Flat  Valves  for  Marine  Engines. — Flat  valves  have 
been  used  in  some  rare  cases  for  the  higher  cylinders  of  marine 
engines;  but  on  the  lower-pressure  cylinders  they  are  ver>'^  com- 
mon. Double  opening  is  generally  secured  by  the  arrangement 
shown  in  Fig.  411.  Inside  of  a  long  D  valve,  which  has  a  working- 
face  to  control  each  of  the  outer  ports,  is  placed  a  second  valve- 
face  with  the  same  laps,  for  each  inner  port;  and  there  must  be 
loom  to  form  over  and  outside  of  this  inner  face  a  pocket  or  cham- 
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ber  which  will  conduct  steam  inward  from  the  sides  of  the  valve- 
body.  The  action  as  to  steamrflow  is  clearly  shown  by  the  arrows 
in  view  A,  and  the  form  of  the  steam-pockets  by  the  section  of 
the  valve  at  B.  This  rather  small  valve  has  no  relief-device;  but 
there*  are  guides  on  the  valve  and  on  the  chest-cover  to  keep  the 
valve  from  falling  away  from  its  seat  when  steam  is  shut  off.  To 
permit  rising  for  cylinder-reUef ,  the  hole  for  the  valve-rod  is  made 
with  considerable  clearence,  and  the  nuts  are  not  screwed  down 
tight  enough  to  grip  the  valve.  The  use  of  a  lifting  or  compensat- 
ing piston,  to  balance  the  weight  of  the  valve  and  perhaps  a  part 
of  the  weight  of  the  valve-gear,  and  thus  equalize  the  pressiu-es 
on  the  eccentrics,  is  almost  universal.  On  the  higher  valve- 
chests,  the  top  of  each  balance-cylinder  is  connected  to  the  next 
receiver;  on  the  low-pressure  chest  the  pipe  runs  to  the  condenser. 

A  larger  valve  of  this  same  double-ported  type  is  shown  in 
Fig.  412.  As  to  the  valve  itself,  we  note  the  lightness  of  the 
casting  and  the  free  use  of  stiffening-ribs. '  Other  notable  features 
are,  the  "false"  or  separate  valve-seat,  fastened  to  the  cylindeiv 
casting  by  simk-head  screws,  made  of  hard  bronze,  and  renew- 
able when  worn  out;  and  the  special  form  of  relief-ring,  connected 
to  the  body  of  the  valve  by  an  annular  diaphragm  made  of  cop- 
per or  of  some  copper  alloy:  the  detail  of  this  device  is  shown 
atD. 

Sometimes  the  auxiliary  valve-face  of  Figs.  411  and  412  is 
duplicated,  giving  triple  opening,  as  in  Fig.  413.  With  this  in- 
crease in  effectiveness  goes  an  increase  in  the  size  of  the  valve 
and  its  greater  complexity  as  a  casting,  together  with  a  larger 
clearance- volume  in  the  cylinder.  There  are  even  cases  on  record 
of  four-ported  valves  of  this  type,  but  that  seems  to  be  going  too 
far.  In  the  figure  imder  discussion  we  have  a  type  of  relief-ring 
which  is  more  in  accord  with  regular  marine  practice,  in  that  it 
is  held  in  the  cover  and  slides  on  the  valve,  instead  of  moving 
with  the  valve  as  in  previous  examples.  Further,  the  ring  is 
circular,  instead  of  being  rectangular  as  in  Fig.  412  and  in  earlier 
designs  which  somewhat  resembled  Fig.  249.  But  in  its  detail, 
shown  at  B,  this  relief-ring  is  rather  peculiar,  the  type  of  arrange- 
ment shown  in  Fig.  423  being  usual.     Here  the  fitting-ring  2 
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appears  to  be  pressed  into  the  cover  and  fastened  with  screws; 
between  2  and  3  there  is  a  close  sliding  fit;  and  3  is  pressed  against 
the  valve  4  by  a  circular  spring  marked  6. 
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Fig.  412. — Valve  for  Low-pressure  Cylinder  of  engine  partly  shown  in  Fig. 
273  I.     Scale  1  to  24  and  1  to  6. 

Occasionally,  with  large  valves  of  this  general  type,  the  exhaust 
steam  is  carried  out  through  an  opening  in  the  back  of  the  valve, 
inside  the  relief-ring,  instead  of  going  into  a  passage  formed  under 
the  valve-seat;  then  the  seat  can  be  brought  closer  to  the  cylinder. 

Fig.  414  shows  an  interesting  adaptation  of  the  two-faced  flat 
valve  imder  a  rigid  balance-plate,  with  double  opening  for  both 
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admission  and  exhaust.    The  form  of  the  plate,  with  the  manner 
in  which  it  is  supported  and  held  in  place,  is  clear  from  the  draw- 


Fio.  413.— Triple-ported  Valve,  re-     Fig.  414.— Large  Two-faced  Valve, 
cent    British   cruiser.     Scale  1  for  L.  P.  cylinder  of  cruiser  en- 

to  24.  gine.     Vulcan  Works,  Germany. 

Scale  1  to  24. 

ing.    As  a  structural  detail,  we  note  the  free  use  of  stay-bolts 
to  brace  the  port-walls,  already  referred  to  in  §  43  (r). 
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(d)  Special  Forms  op  the  Flat  Valve.— A  possible  though 
eddom  used  form  is  the  B  valve,  sketched  in  Fig.  415.    In  this, 

admission  as  well  as  exhaust 
takes  place  through  a  cavity 
in  the  under  side  of  the  valve; 
and  with  steam  filling  the 
chest  as  with  the  ordinary- 
direct  valve,  the  movement 
for  opening  and  closing  is 
that  of  the  indirect  valve. 
For  a  given  set  of  propor- 
tions— ^port-widths  and  laps 
— this  valve  necessarily  exposes  a  larger  area  to  the  steam-pres- 
sure than  does  a  D  valve.  In  the  form  here  shown  it  is  found 
only  in  some  small  simplex  pumps;  but  its  essential  form  and 
action  are  frequently  embodied  in  the  piston-valve,  as  for  instance 
in  Fig9.  254,  255,  436,  and  441. 

B*r O      -r»A.C  ->»D. 


Fig.  416.— The  B  Valve. 


Fig.  416.— a  Very  Complicated  Flat  Valve. 

A  single-faced  flat  valve  with  triple  opening  for  admission  and 
double  for  exhaust  is  shown  in  Fig.  416.  It  is  of  German  design, 
and  appears  to  be  at  about  the  limit  of  possible  or  profitable 
complication.  The  special  feature  of  the  valve-seat  is  the  steam- 
pocket  and  extra  port  in  the  middle,  the  pocket  opening  at  one 
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end  into  the  steam-chest.  The  valve  has  first  an  Allen  port  of 
the  usual  type;  inside  of  this  are  the  chambers  1  and  2,  which  are 
separated  by  a  middle  partition,  and  from  which  steam  can  pass 
from  the  middle  port  to  either  main  port;  and  besides  these  there 
is  another  chamber  3,  analogous  to  the  Allen  port  and  best  shown 
in  view  D,  which  furnishes  ii  ri 
the  second  passage  for  the  (^,  |  ^—^.^^ 
exhaust.  How  these  various 
passages  combine  without 
interference  can  be  seen  in 
the  cross-section  at  B.  The 
several  laps  are  blacked  on 
view  A,  those  for  admission 
upon  the  valve-seat,  the  ex- 
haust-laps upon  the  valve. 

Occasionally  a  valve  with 
the  essential  form  of  the 
common  slide-valve  is  made 
to    oscillate    on    a    curved 


417.  —  Oscillating 
pressure  Cylinder  of 
engine. 


Low- 
tandem-compound 


(cylindrical)  seat,  somewhat  after  the  manner  of  a  Corliss  valve. 
An  example  much  more  complicated  than  a  simple  adaptation 
of  the  D  valve  is  given  in  Fig.  417:  there  are  really  two  valves, 
1  and  2,  one  for  either  end  of  the  cylinder,  each  with  an  Allen 
port  to  give  double  admission.  These  are  moved  by  the  spindle  3, 
which  is  broadened  in  the  middle  to  a  flat  slab;  and  the  weight 
of  the  whole  valve  is  carried  by  the  support  4,  which  is  fast  to  the 
spindle.  The  latter  passes  out  through  a  stuffing-box  and  is  oscil- 
lated by  a  crank  keyed  to  it  and  driven  by  the  eccentric-rod. 

(e)  Proportioning  the  Valve. — Suppose  that,  having  de- 
cided upon  the  width  of  the  cylinder-ports  and  the  laps,  we  wish 
to  design  a  slide-valve  which  shall  be  as  short  as  possible,  with  a 
minimum  area  subject  to  steam-pressure.  The  determining  con- 
dition is  illustrated  in  Fig.  418  I.,  where  the  valve  of  Fig.  247  is 
shown  at  its  greatest  distance  from  mid-position:  evidently  the 
width  of  the  exhaust-port  and  of  the  port-walls  or ''  bridges  "  must 
be  such  that  the  least  opening  between  the  edges  A  and  D  shall 
be  not  less  than  the  width  of  the  port  C.    Similarly,  the  valve  of 
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Fig.  415  is  here  shown  at  its  limit  of  travel  in  II.,  because  any 
further  movement  toward  the  left  would  choke  the  exhaust  from 
the  right-end  port. 


Fig.  418. — The  Critical  Position  of  Several  Valves. 

To  build  up  the  face  and  seat  of  a  valve  of  complex  form,  with 
due  regard  to  this  requirement  of  non-interference  of  function,  is 
an  operation  calling  for  an  intelligent  use  of  the  cut-and-try  method. 
As  further  illustrating  the  character  of  the  relations  involved,  con- 
sider the  example  in  Fig.  418  III.,  which  is  a  detail  from  Fig.  413, 
with  A  showing  mid-position  and  B  and  C  the  two  extremes  of 
travel.  The  dimensions  6,  s,  and  i  are  fundamental.  At  C  the 
valve  gives  full  opening  for  exhaust,  and  its  proper  limit  of  travel 


Fig.  419. — Design  of  the  Allen  Valve. 

is  here  determined,  unless  opening  3  can  be  made  wider  than  port 
1;  at  the  least,  3  should  be  equal  to  1.  With  the  same  displace- 
ment in  the  other  direction,  at  B,  the  greatest  opening  for  admis- 
sion is  less  than  the  port-width  by  the  amount  (s— i),  since  in  II. 
r=  (6-f  i);  and  it  is  evident  that  the  opening  4,  as  here  drawn,  has 
a  little  greater  width  than  can  be  made  effectively  useful.    This 
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opening,  with  the  width  of  the  wall-face  between  3  and  4,  fixes  the 
least  distance  between  the  ports  1  and  2. 

Negative  Lap  with  the  Alien  Port. — When  a  valve  of  the  Allen 
type  has  a  large  steam-lap,  it  is  not  difficult  to  keep  the  opening 
of  the  auxiliary  port  within  this  lap,  and  even  to  leave  a  small 
positive  lap  c  at  its  inner  side,  as  in  Fig.  419  A  and  Fig.  410.  But 
when  the  main  lap  s  is  smaller  or  the  width  b  is  increased,  there 
will  be  a  negative  lap  to  the  Allen  port,  as  at  c  in  Fig.  419  B  and 
in  Fig.  416.  The  result  is,  that  during  a  brief  time  a  passage  is 
opened  from  one  end  of  the  cylinder  to  the  other,  with  some  ten- 
dency to  modify  the  exhaust  operations.  Thus  at  C  in  Fig.  419 
we  have  the  valve  yet  at  the  distance  c  to  the  left  and  moving 
toward  the  right:  compression  has  begun  in  the  left  end  of  the 
cylinder,  and  now  steam  which  has  not  yet  gotten  to  release  in 
the  right  end  is  about  to  flow  over  and  increase  the  pressure  and 
the  amount  of  the  clearance-steam  in  the  other  end.  This  action 
will  persist  while  the  valve  travels  through  the  distance  2c;  but 
since  it  moves  rapidly  near  mid-position  and  the  openings  in- 
volved are  small,  the  effect  upon  the  steam-distribution  will  be 
relatively  insignificant. 

Fig.  420. — Unbalanced  Pressure. 

(/)  Balancing  the  Flat  Valve. — In  order  to  develop  certain 
ideas  which  must  underlie  this  discussion,  let  us  consider  the  sim» 
pie  arrangements  outlined  in  Fig.  420.  Case  A,  where  a  flat  plate 
merely  rests  upon  a  plane  surface  and  is  surrounded  by  a  gaseous 
medium  under  pressure,  illustrates  the  fact  that,  unless  very 
special  means  have  been  employed  to  get  rid  of  it,  there  will  be  a 
film  of  the  gas  between  the  two  solid  bodies;  and  this  film  is  here 
shown  as  exerting  an  upward  pressure  equal  to  that  upon  the  top 
of  the  plate,  so  that  only  the  weight  of  the  latter  comes  upon  the 
supporting  plane.  Case  B,  on  the  other  hand,  shows  the  plate 
covering  a  hole  of  almost  its  own  size,  with  only  a  very  narrow 
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contact-surface  around  the  opening;  then  the  full  unbalanced 
pressure  upon  the  plate  will  come  upon  this  narrow  contact-strip, 
squeezing  out  the  gas  completely  and  altogether  preventing  leak- 
age. Case  C,  representing  the  slide-valve,  lies  between  A  and  B. 
With  wider  contact,  the  surfaces  are  less  strongly  squeezed  together 
by  the  downward  force  upon  the  plate;  the  gas  (or  steam)  is 
therefore  given  a  chance  to  insinuate  itself  between  the  bodies; 
and  a  film  once  formed  will  not  only  balance  a  part  of  the  pressure 
upon  the  top  of  the  plate,  but  will  tend  to  flow.  With  this  flow 
and  leakage  will  go  a  drop  in  pressure  from  the  high-  toward  the 
low-pressure  edge  of  the  contact-surface.  Positive  and  exact  in- 
formation as  to  the  amount  and  the  manner  of  variation  of  this 
intermediate  pressure  is  wholly  lacking.  We  can  only  realize  that 
there  is  a  buoyant  tendency,  so  that  the  downward  force  is  less 
than  the  product  of  the  unit  pressure-difference  by  the  area  of  the 
plate,  or  this  whole  area  is  not  effective;  and  that  the  plate  or 
valve  must  be  pretty  strongly  held  down  if  leakage  is  to  be  pre- 
vented. Obviously,  the  perfection  of  the  surfaces,  as  to  identity 
of  form  and  as  to  smoothness,  and  their  relative  movement,  are 
important  elements  in  determining  this  action. 


Fig.  421. — Boundary  of  the  Relieved  Surface. 

Discussion  of  Actual  Valves. — ^Turning  now  to  the  actual  valve, 
we  see  at  once  that  the  area  relieved  of  pressure  must  be  very  con- 
siderably less  than  that  of  the  valve-face,  to  allow  for  a  buoyant 
action  of  the  steam  under  the  valve  and  to  insure  plenty  of  force 
to  hold  the  valve  down.  To  get  an  idea  of  the  proportions  which 
experience  has  justified,  we  shall  now  analyze  some  of  the  exam- 
ples that  have  already  been  illustrated.    First  of  all,  we  must  de- 
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termine  just  what  is  the  relieved  area  with  any  particular  device. 
Thus  in  Fig.  421 1.,  from  Fig.  247,  with  the  steam  under  the  bal- 
ance-bars, the  line  BB  very  evidently  marks  the  limit  of  the  low- 
pressure  area  on  top  of  the  valve,  which  area  is  therefore  the 
rectangle  inside  of  the  bars.  Sketch  II.  is  a  detail  from  Fig.  409; 
and  with  the  ring  held  tight  against  the  cone,  direct  downward 
pressure  is  relieved  from  the  circle  inside  of  BB — although  the 
tendency  of  the  ring  to  act  as  a  wedge  (very  blunt,  however)  will 
produce  some  additional  pressure,  or  move  the  effective  position 
of  BB  a  little  to  the  right.  Detail  III.  is  from  Fig.  251,  where 
the  steam  is  inside,  and  the  location  of  BB  is  self-evident. 
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Fia.  422.— The  Proportion  of  Relief. 


Outline  plan  views  of  these  three  valves  are  given  in  Fig.  422. 
In  I.,  the  total  area  of  the  valve-face  MABN  is  210  sq.  ins.;  the 
relieved  area,  shown  by  the  inner  full-line  rectangle,  is  113.1  sq. 
ins.;  that  is,  of  the  whole  area  the  fraction  0.538,  represented  by 
MEFN,  is  relieved,  while  the  rest  is  exposed  to  the  full  steam- 
pressure.  But  when  one  steam-port  is  open,  as  much  of  the  valve 
as  overhangs  its  inner  edge  receives  the  upward  pressure  in  the 
port — see  Fig.  421 1.  The  limit  of  this  action  is  the  balancing  of  the 
whole  area  of  one  port,  which  is  drawn  in  dotted  outline  at  the  left 
edge  of  Fig,  422  I.,  and  diminishes  the  unbalanced  area  by  26.1 
sq.  ins.  or  0.124  of  the  whole  face,  represented  by  CABD.  Now 
the  unbalanced  area  varies  between  0.462  and  0.338  of  the  valve- 
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face,  or  between  96.9  and  70.8  sq.  ins.  Adding  to  this  the  area 
of  the  relief -ring  (the  bars  are  f"  wide),  which  is  30.9  sq.  ins.,  we 
have  from  101.7  to  127.8  sq.  ins.  exposed  to  the  steam-pressure. 
If  the  latter  is  only  150  lbs.,  and  the  coefficient  of  friction  is  0.2, 
the  resistance  of  the  valve  will  range  from  3050  to  3830  lbs.  The 
action  shown  in  Fig.  420  C  will  prevent  this  full  maximum  value 
from  being  reached;  and  with  good  lubrication  the  coefficient 
should  be  less  than  0.2,  though  still  very  high  as  compared  with 
the  value  usual  in  shaft-bearings. 

Fig.  409,  analyzed  in  the  same  manner  at  II.,  shows  an  unbal- 
anced area  ranging  from  0.391  to  0.272  of  the  valve-face — the 
circle  being  taken  to  BB  as  located  in  Fig.  421  II.  The  valve 
from  Fig.  251,  at  III.,  U  more  complicated.  Without  the  rect- 
angular openings  in  top  and  bottom,  the  steam  would  act  upon 
the  78.54  sq.  ins.  of  the  10-in.  circle  to  force  the  halves  apart. 
Subtracting  the  43  sq.  ins.  area  of  the  opening,  we  have  35.54  sq. 
ns.  as  the  maximum  unrelieved  area.  This  is  diminished  as  soon 
as  the  edge  H  passes  K  (see  sectional  view  beneath  main  figure); 
and  when  the  port  is  open  the  whole  rectangle  JK  is  relieved, 
instead  of  only  GH.  The  area  of  JK  is  58.52  sq.  ins.,  and  the 
area  subject  to  unbalanced  pressure  is  now  78.54—58.52  =  20.02 
sq.  ins.  The  proportions  of  the  balance  are  represented  graphic- 
ally, just  as  in  the  preceding  cases:  at  the  left  E  and  C  show,  by 
their  distance  from  A  along  AM,  the  ratio  of  the  unrelieved  area  to 
the  whole  valve-face  MABN;  at  the  right,  F  and  D  show  propor- 
tion? in  terms  of  the  net  valve-face,  outside  of  the  steam-area,  or 
of  the  figure  between  AN  and  GH.  This  latter  is  the  surface  that 
has  to  be  kept  tight,  and  the  effective  holding  area  ranges  from 
0.684  to  0.366  of  it. 

Marine-engine  Relief-rings, — ^The  usual  form  of  relief-ring  for 
laige  marine-engine  valves  is  typified  in  Fig.  423.  In  every  case 
the  '*  ring  "  is  circular,  Is  held  in  a  slot  in  the  valve-chest  cover, 
and  slides  upon  the  back  of  the  valve.  In  the  first  example,  the 
pressure  w^hich  makes  the  ring  steam-tight  is  secured  entirely  by 
the  springs;  in  the  other  two  the  ring  has  a  lip  upon  which  the 
steam  presses,  to  help  hold  it  tight.  The  springs  are  made  ad- 
justable in  the  best  practice,  either  by  changing  the  little  collar 
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4  in  I.,  or  by  a  set-screw  as  in  II.  Almost  without  exception, 
9ome  sort  of  packing  is  used,  to  keep  the  steam  from  getting  into 
the  recess  back  of  the  ring,  the  wedge-rings  in  I.  and  III.  being 
more  effective  than  the  plain  snap-rings  in  II. 


Fio.  423. — Detail  of  Relief-rings  for  Marine-engine  Valves. 


(g)  The  Two-faced  Flat  Valve,  rigidly  balanced — see  Figs. 
6  and  7,  250,  and  414 — has  the  great  advantage,  as  to  ease  of 
movement,  that  its  tightness  is  secured  and  maintained  by  a  close 
mechanical  fit  and  not  by  unbalanced  pressure.  In  general,  it  is 
a  more  delicate  contrivance  than  the  type  with  flexible  balance, 
requiring  a  very  high  grade  of  workmanship  in  its  fitting  and  ad- 
justment: but  w^hen  properly  made  and  not  subjected  to  too 
severe  conditions  of  service,  it  is  highly  effective  and  will  run  for 
a  long  time  without  appreciable  wear.  Since  the  total  clearance 
between  the  valve  and  its  confining  surfaces  should  not  exceed  a 
few  thousandths  of  an  inch,  spring  of  the  balance-plate  must  be 
reduced  to  a  minimum  by  making  it  very  stiff;  and  can  be  allowed 
tor  by  very  slightly  arching  the  face  when  free.  Irregular  expan- 
sion must  be  avoided  by  warming  up  the  engine  gradually  when 
starting.  Practically,  a  long  valve  like  that  in  Figs.  6  and  7  is 
of  no  use  to  relieve  excessive  pressure  in  the  cylinder — even  though 
it  is  not  confined  mechanically — because  the  area  of  the  balance- 
plate  is  so  many  times  that  of  the  cylinder-port  that  a  tremendous 
pressure  in  the  latter  would  be  required  to  lift  the  valve. 

An  interesting  combination  of  the  form  of  the  two-faced  valve 
with  a  flexible  balance-rig  on  the  principle  of  that  in  Fig.  409  is 
illustrated  in  Fig.  424.  Here  the  pressure-plate  1  *' floats",  being 
accurately  located  as  against  horizontal  displacement  by  the  two 
centering  rings  3,  3,  which  are  solid  (uncut)  and  fit  into  corre- 
sponding recesses  in  the  pressure-plate  1  and  the  balance-plate  2. 
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The  top  of  plate  1  is  relieved  by  the  large  ring  4,  which  is  smaller 
in  area  than  the  whole  valve-face,  so  as  to  insure  enough  down- 
ward pressure  for  tightness.  To  compensate  for  the  extra  area  on 
the  bottom  of  this  plate  which  is  exposed  to  high  pressure  when 
the  port  is  open,  a  small  relief-ring  5  is  placed  over  each  port, 
receiving  steam  on  the  inside,  from  the  port,  through  several  good- 


Fig.  424. — American  Balance  Slide-valve  Company's  Two-faced  Flat  Valve  for 

Locomotives. 

sized  vent-holes.  The  inside  of  the  main  relief-ring  is  freely 
vented  to  the  exhaust-port. 

The  advantages  of  this  design  are  that  double  port-opening  is 
secured  wuth  an  arrangement  which  does  not  require  precise  fit- 
ting, which  automatically  takes  up  wear,  and  which  lets  the  valve 
rise  freely  to  relieve  the  cylinder — a  property  very  useful  when  the 
locomotive  is  "  drifting ",  or  running  with  the  steam  shut  off; 
further,  a  long  valve  can  be  used,  if  desired,  with  shorter  steam- 
ports.  But  since  as  much  unbalanced  pressure  must  be  allowed, 
to  insure  tightness,  as  with  an  ordinary  valve  performing  the 
same  functions,  and  since  there  are  two  surfaces  where  friction 
will  act,  it  appears  that  this  valve  is,  on  the  whole,  not  any  better 
than  an  Allen  valve  with  an  equivalent  relief -rig  on  its  back. 

(h)  Plain  Piston-valves. — Examples  of  simple  four-function 
valves,  controlling  one  cylinder,  have  been  given  in  Figs.  252,  254 
(high-pressure  cylinder),  and  261.  The  valves  first  chosen  here 
for  detailed  illustration.  Figs.  425  and  426,  are  from  the  locomo- 
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tive.     In  both  cases  there  is  a  central  body  and  two  heads,  held 
together  by  the  valve-rod   alone,  and  a  bull-ring  carrying  two 


B4^    ^ 


Fia.  425.— Valve  ^^^th  Oosed  Ends,  for  20J"X28"  Express  Locomotive. 
Scales  1  to  8, 1  to  4. 

snap-rings  with  projecting  edges,  to  form  the  working-face  at 
each  end.  Note  how  the  bull-ring  is  kept  from  turning,  by  a  key 
in  Fig.  425,  by  a  riveted  pin  in  Fig.  426,  as  shown  at  B;  and  how 
pin-keys  are  likewise  used  to  keep  the  ring-joints  at  a  definite 
position,  two  ways  of  cutting  the  rings  being  shown  at  E  and  F 
in  Fig.  426.     With  the  further  keying  of  the  valve-heads  to  the 


Fig.  426.— Valve  with  Open  Ends  for  20J"X26"  Express  Locomotive. 
Scales  1  to  8, 1  to  4. 

rod,  the  location  of  the  ring-joints  is  positively  determined.     In 
Fig.  425  the  bull-ring  is  just  fitted  neatly  to  its  slot,  with  some 
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freedom  for  self-adjustment,  but  in  Fig.  426  it  is  tightly  clamped, 
fitting  closely  upon  the  head  and  serving  to  hold  the  latter  in  line 
with  the  valve-body.  Rings  resembling  those  in  Fig.  280  XIII. 
are  used  in  the  first  valve;  but  the  shoulder  has  so  much  clearance 
that  it  is  evidently  intended  to  confine  the  ring  in  case  of  break- 
age, rather  than  as  a  restraint  against  undue  expansion  in  ordi- 
nary running.  Both  valves  are  of  the  inside-admission  type;  and 
there  must  be  an  exhaust-passage  at  each  end,  the  two  meeting 
below  the  exhaust-nozzle,  within  the  saddle-casting.  The  pas- 
sage through  the  valve  in  Fig.  426  helps  to  equalize  the  exhaust- 
pressure  in  the  two  ends  of  the  valve-chamber,  but  is  not  large 
enough  to  carry  the  whole  current  of  steam  as  in  some  arrange- 
ments. 


Fig.  427. — Solid-faced  Valve,  for  German  Ix)Oomotive  using  Superheated  Steam. 

Scale  1  to  6. 


Small  Solid-faced  Valves. — ^The  use  of  ordinary  cast-iron  pack- 
ing-rings to  make  piston-valves  tight  is  very  common — as  witness 
Figs.  255,  258,  435,  etc.  Small  valves,  up  to  six  inches  in  diameter 
or  a  little  more,  are  often  made  solid,  resembling  the  two-faced  flat 
valve  in  being  just  loose  enough  to  move  easily,  without  permit- 
ting leakage.  An  entirely  simple  valve  of  this  type  is  shown  in 
Fig.  252,  another  of  more  complicated  form  in  Fig.  434.  One- 
half  of  a  solid-plug  valve  used  with  superheated  steam  is  drawn 
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in  detail  in  Fig.  427,  where  the  working-face  is  made  up  of  two 
light  shells,  held  in  a  head  formed  of  three  pieces  recessed  together. 


Fig.  428.— Valve  \^ith  Adjustable  Face-ring,  Detail  from  Fig.  260.    Scale  1  to  6. 

The  shells  are  grooved  to  hinder  leakage,  and  the  oil  for  lubrica- 
tion is  applied  directly  to  the  valve,  through  the  pipe  at  the  top. 


Fig.  429. — ^Lai^  Piston-valve,  of  the  Best  Marine-engine  Type. 

To  insure  uniform  heating,  the  valve-casing  is  made  hollow  and  is 
open  to  free  circulation  of  the  live  steam.    As  regards  its  action^ 
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this  valve  more  properly  belongs  in  Art.  (j),  since  it  permits 
double  admission.  Note  that  there  are  no  bridges  across  the 
ports,  the  hollow  struts  which  join  the  several  sections  of  the 
bushing  not  serving  as  guides  for  the  valve. 


U^3M.L^- 


^- — tf'm^' — ^ 


Fig.  430. — Small  Valve  Divided  Axially,  American  Engine  Company. 

(i)  Adjustable  Valves. — The  valve  with  snap-rings  is  not 
altogether  satisfactory,  either  as  to  tightness  or  to  ease  of  move- 
ment. The  solid  valve,  if  it  can  be  kept  tight,  is  decidedly  pref- 
erable in  many  ways;  and  a  number  of  adjustable  valves  have 
been  devised  and  extensively  applied,  especially  in  marine  engines. 
Fig.  428  shows  a  simple  arrangement  of  valve-body  and  follower- 
plates,  having  a  face-ring  clamped  at  one  joint,  with  a  distance- 


FiG.  431. — ^Valve  with  Wedge-adjustment,  Detail  from  Fig.  254, 
Low-pressure  Cylinder. 

piece  to  which  thin  liners  can  be  added  as  the  valve  wears  loose. 
In  Fig.  429  is  given  a  large  marine-engine  valve,  with  an  arrange- 
ment of  working-face,  best  shown  by  the  enlarged  section  at  B. 
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The  detail  of  the  ring-joint  is  seen  at  E,  and  the  way  that  space 
is  provided  for  this  joint  at  C  and  D.  In  view  C  the  bull-ring  3 
is  removed,  and  we  see  the  recess  for  the  joint  of  the  inner  ring; 
while  D  shows  how  it  is  made  for  the  outer  ring.  This  large  hollow 
valve  furnishes  ample  passage  through  its  middle  part,  so  that  a 
steam-connection  need  be  made  at  only  one  end  of  the  valve- 
chamber. 

Fig.  430  shows  a  small  solid  valve,  for  a  horizontal  high-speed 
compound  engine  arranged  like  the  locomotive  in  Fig.  257 — only 
one  half  (one  end)  of  the  valve  being  given.  It  is  designed  on 
the  idea  that  the  wear  of  the  valve  and  seat  is  due  wholly  or 
chiefly  to  the  weight  of  the  valve;  so  that  dividing  the  valve 
lengthwise  in  a  horizontal  plane,  and  inserting  thin  copper  liners 
as  needed,  will  enable  a  good  fit  to  be  maintained. 

Expansible  Valves. — Another  tj-pe  of  device  is  well  represented 
by  Fig.  431,  where  the  rings  5,  5  are  set  out  by  cone-wedges  to 
any  desired  degree  of  tightness.  The  top  of  the  valve,  as  it 
stands  in  the  vertical  engine,  is  here  at  the  right ;  and  both  work- 
ing-faces can  be  adjusted  from  this  end,  without  removing  the 
valve  from  its  casing.    The  hollow  threaded  spindle  7  can  turn 

in  the  head  3  without  lengthwise 
movement,  and  can  be  locked  by 
the  cap-screw  8;  while  the  long 
spindle  6,  threaded  into  7,  can  be 
locked  with  7  by  the  screw  10. 
The  lower  cone  4  is  moved  by 
turning  6  in  7,  the  upper  cone  4  by 
turning  6  and  7  together.  The  ring- 
joints  both  come  at  the  upper  edge 
of  view  A. 

Adjusting  the  Valve-casing. — An 
interesting  inversion  of  relation  is 
seen  in  Fig.  432,  where  the  bushing 
is  adjusted  instead  of  the  valve.  This  bushing  is  slipped  into 
place  from  the  exhaust  side  (the  left  in  view  B),  and  the  ring 
which  holds  it  is  fastened  with  cap-screws.  The  valve  has  three 
^'fingers"  which  project  inward  from  the  steam  edge,  fitting  closely 
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to  the  valve-seat;  and  one  of  these  covers  the  gap  at  the  joint  in 
the  bushing.  When  the  screw-cap  above  the  end  of  the  clamp- 
screw  is  removed,  the  latter  can  be  turned  with  a  small  socket- 
wrench,  and  the  adjustment  made  wdth  steam  turned  on  if  desired^ 


■BB|*L_lv^^ 


IT 

Fig.  432. — ^The  Mcintosh  &  Seymour  Adjustable  Valve-bushing. 

A  Self-adjusting  Valve, — A  device  which  automatically  adjusts 
and  clamps  itself  is  shown  in  Fig.  433,  the  underlying  principle 

being  the  same  as  in  the  piston- 
packing  arrangements  at  XV.  and 
XVI.  in  Fig.  280.  There  are 
first  the  two  snap-rings  1,  1,  with 

— — 1 1 L     lap-plates  at  their  joints  as  shown 

,. I  at  the  top   edge  of  this  sectional 

_..  J  view.     With  these  is  combined  an 

2  expansible  face-ring  2,  which  can, 
however,  easily  be  omitted,  with 
change  to  the  form  at  B.  The 
rings  3,  3  are  solid;  and  between 
them  is  a  wedge-ring  4,  which 
Balance-  like  the  packing-rings  has  a  lap. 
Semi-plug  pj^^.^  at  the  joint.  Through  a 
number  of  drilled  holes,  live  steam 
is  admitted  back  of  jbhe  whole  system  of  rings:  when  first  turned 
on,  it  pushes  out  the  rings  1,  1,  till  they  make  good  solid  contact 
with  the  casing;  then  ring  4  wedges  3  and  3  apart,  holding  1  and 


Fig.    433.  —  American 
Valve      Company's 
Piston-valve. 
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1  against  any  further  tendency  to  expansion.  The  light  screw 
below  the  valve-rod  is  to  hold  the  parts  together  when  the  rod 
is  removed. 

(/)  Multiple-ported  Piston-valves. — Sometimes  the  piston- 
valve  is  made  like  the  Allen  valve  in  Fig.  410.  An  example  is 
given  in  Fig.  434,  where  the  valve  has  inside  admission.  This 
also  shows  a  method  of  construction  sometimes  used  for  small 
valves,  the  two  cast-iron  "pistons"  being  joined  by  a  piece  of 
common  wrought-iron  pipe,  screwed  in — which  greatly  simplifies 
the  work  of  the  foundry  in  casting  the  valve. 


Fia.  434. — Piston-valve  of  the  Allen  Type. 

Another  double-admission  valve  has  already  been  shown  in 
Fig.  427:  and  a  large  valve,  for  the  low-pressure  cylinder  of  a  two- 
cylinder  compound  locomotive  is  illustrated  in  Fig  435.  The 
vertical  section  A  shows  clearly  the  action  of  the  valve,  while 
the  horizontal  section  in  two  planes  at  B  and  the  cross-sections 
at  C  bring  out  the  form  of  the  casting  and  show  how  the  extra 
steam-passages  open  toward  the  ends  of  the  valve  and  the  extra 
exhaust-passages  toward  the  middle,  without  interference. 

(k)  Compound  Valves. — ^This  name  seems  the  most  suitable 
for  valves  which  control  the  steam-distribution  in  two  cylinders — 
such  valves  being  possible  in  engines  where  the  two  pistons  move 
together  or  are  connected  to  cranks  at  180  degrees.  Examples 
have  been  given  in  Figs.  254,  255,  and  258:   and  another,  for  a 
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Fig.  435.— Double-ported  Valve  for   35"  X  26"   Low-pressure  Cylinder  of  a 
Compound  Locomotive.     Scale  1  to  12. 

H 


Fig.  436. — Valve  of  Vauclain  Balanced  Compound  Locomotive.    Scale  1  to  16 

and  1  to  3. 
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locomotive  much  like  Fig.  256  in  cylinder-arrangement,  but  with 
cranks  opposite,  is  fully  shown  in  Figs.  436  and  437. 

This  locomotive  has  two  high-pressure  cylinders  inside  the 
frames  and  two  low-pressures  outside,  with  the  two  cranks  at 
each  side  set  opposite,  and  these  pairs  quartered,  as  in  Case  B, 
§  40  (Jfc).  The  valve  is  shown  at  about  its  extreme  distance  toward 
the  left.  Its  middle  "spool''  controls  the  H.P.  cylinder,  with 
steam  inside  and  exhaust  outside.    The  central  cavity   of  the 


Fig.  437. — Sections  of  Cylinder  and  Valve-chamber  of  Vauclain  Locomotive — 
with  lig.  436.     Scale  1  to  16. 


valve — that  is,  the  whole  valve-chamber — acts  as  a  receiver  between 
the  cylinders,  the  working-faces  at  the  ends  of  the  valve  controlling 
the  L.P.  cylinder.  Then  the  faces  at  the  inner  ends  of  the  outer 
spools  do  not  control  any  ports,  but  simply  serv^e  to  enclose  the 
pockets  through  which  exhaust  takes  place;  and  the  chambers 
marked  D,  outside  the  valve-bushing,  are  mere  dead  spaces, 
hollowed  out  in  the  casting.  Details  of  the  rings  are  shown  at  C, 
and  the  superiority  of  rings  of  this  type  over  the  plain  rectangular 
rings  in  Fig.  258  is  apparent,  in  that  they  furnish  better  working- 
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edges  and  are  more  definitely  pressed  outward  by  the  steam  behind 
the  projecting  lips. 

Sections  of  the  cylinder-casting  are  given  in  Fig.  437,  views 
A,  B,  and  C  being  made  by  cutting-planes  located  as  sho>;vTi  at  D: 
that  is,  A  is  a  middle  section,  B  follows  the  high-pressure  port, 
and  C  the  low-pressure  port.  In  Fig.  437  half-sections  along  VH 
and  VL  are  swimg  into  one  plane.  It  is  evident  that  the  clearance- 
volumes  are  quite  large. 


Fio.  438. — Valves  of  a  Tandem-compound  Ixccmotive.     Scale  1  to  24, 


An  interesting  arrangement  in  which  two  complete  valves  are 
combined  on  one  valve-stem,  so  as  to  control  two  cylinders  with 
the  same  movement,  is  shown  in  Fig.  438.  Since  steam  must 
be  admitted  to  both  front  ends  or  both  back  ends  at  the  same 
time,  it  would  seem  proper,  at  first  sight,  to  use  two  valves  of 
the  same  type,  either  both  direct  or  indirect.  Actually,  with 
a  view  to  simplicity  in  the  steam-passage  and  receiver  between 
the  cylinders,  it  is  better  to  use  valves  of  opposite  types  and 
to  cross  the  high-pressure  ports.  There  is  plenty  of  room  for 
these  ports;    how  they  pass  each  other  is  clearly  shown  by  the 
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sections  at  B  and  C;  and  the  only  drawback  to  this  arrangement 
is  the  increased  clearance  in  the  high-pressure  cylinder.  It  is 
desirable  that  the  valve-axis  be  as  near  the  cylinder-axis  as  pos- 
sible, wherefore  the  low-pressure,  port  is  crowded  against  the 
cylinder  in  the  middle,  but  spreads 
out  to  its  full  thickness  on  each  side 
of  the  valve-chamber,  as  shown  by 
section  D. 

In  this  connection  it  is  most  ap- 
propriate to  illustrate  the  Willans  cen- 
tral-valve engine,  which  is  shown  in  its 
compound  form  in  Fig.  439.  The 
piston-rod  is  a  tube  of  considerable 
size,  within  which  slides  the  multiple- 
piston  valve.  This  valve  is  driven 
by  a  fixed  eccentric,  forged  upon 
the  crank-pin,  so  as  to  receive 
the  proper  relative  motion.  Of 
the  numerous  pistons  on  the  valve- 
stem,  only  the  two  marked  V^  and 
Vj  really  act  as  valves  to  control 
the  flow  of  steam  through  ports  in 
the  casing;  the  others  are  merely 
movable  partitions,  dividing  this 
valve-chamber  so  as  to  form  the 
needed  passages  from  port  to  port. 
Further,  the  valve  proper  controls 
only  admission  and  the  two  exhaust- 
events;  cut-off  is  effected  by  the 
closing  of  the  ports  marked  P^  and 
Pj  as  they  slide  into  the  packing- 
boxes  in  the  cylinder-heads  —  and 
with  the  full  speed  of  the  piston  to 
close  these  ports,  cut-off  is  very 
sharp.  For  symmetry  of  force-action, 
the  connecting-rod  is  in  duplicate,  a  rod  being  placed  on  each 
side  of  the  eccentric-rod.    The  guide-piston  G^  serves  as  cross- 


FiG.  439.— Willans  Central 
Valve. 
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head;  and  to  insure  that  there  shall  always  be  a  downward  force 
upon  the  connecting-rod,  air  is  compressed  in  the  chamber  A. 
At  the  very  high  speeds  usual  with  this  engine — 400  to  500  R.P.M. 
in  the  smaller  sizes — the  large  moving  mass  will  develop  very 
great  inertia  forces;  and  the  clearances  are  so  small  that  but 
little  steam-cushion  is  permissible.  Two  or  three  units  like  Fig. 
439  are  placed  closely  side  by  side,  acting  on  one  shaft;  and  fre- 
quently each  unit  is  a  triple-expansion  engine.  The  peculiar  action 
of  the  receiver  in  this  engine  is  discussed  in  §  69  (m). 


v^  n. 


Fia.  440. — Detail  of  a  Meyer  Valve. 


(/)  Double  Valves. — A  good  example  of  the  Meyer  valve  is 
given  in  Fig.  440,  shown  with  more  detail  than  the  one  in  Fig. 
398.  A  novel  feature  of  this  design  is  the  corrugation  of  the  back 
of  the  main  valve  in  gridiron  fashion,  which  gives  the  steam  free 
access  to  the  bottom  of  the  cut-off  slides,  and  thus  prevents  these 
from  being  subject  to  an  unbalanced  pressure  during  their  idle 
movement.  The  valves  are  drawn  in  positions  corresponding 
to  the  crank-eccentric  diagram  at  D. 

Fig.  441  shows  a  double  valve  of  the  piston  form,  similar  in 
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general  idea  to  that  in  Fig.  253,  but  with  the  inner  valve  formed 
so  as  to  give  double  admission — this  valve  being  controlled  by  a 
shaft-governor.  The  design  has  a  number  of  interesting  details, 
in  the  construction  of  the  main  valve,  and  in  the  device  for  adjust- 
ing the  laps  of  the  cut-off  valve  by  moving  one  of  the  pistons  on 
the  rod.- 

So  far  we  have  seen  two  types  of  the  double-valve  gear,  the 
Meyer,  in  which  the  laps  are  changed  by  moving  two  short  slides 
apart  or  together,  and  the  other  type,  without  a  convenient  dis- 
tinctive name  but  exemplified  in  Figs.  404,  405,  and  441,  where 
the  rigid  second  valve  is  moved  by  a  changeable  eccentric.  Another 
type,  which  secures  variable  lap  with  a  solid  valve,  is  the  Rider, 


Fig.  441.— Double  Piston-valves,  for  44"X48"  Cylinder  of  Rolling-mill  Engine— 
Wm.  Tod  Company.    Scale  1  to  18. 


well  represented  by  Fig.  442.  Here  the  ports  in  the  back  of  the 
main  valve  are  made  oblique,  which  gives  the  casting  quite  a 
complicated  form,  but  enables  the  lap  to  be  changed  by  simply 
moving  the  cut-off  valve  sidewise.  In  view  A,  the  right  half 
of  the  riding  valve  is  removed,  to  show  the  main  valve  more  clearly: 
and  it  appears  that  the  idea  of  providing  a  bearing-surface  for 
the  second  valve  only  near  the  ports  is  here  carried  out  much  more 
fully  than  in  Fig.  440.  The  arrangement  for  giving  the  expansion 
valve  its  sidewise  displacement  is  clearly  shown  in  views  B  and 
C:  and  it  is  obvious  that  this  device,  requiring  only  a  small  angular 
movement  of  the  valve-rod,  can  be  much  more  easily  placed  under 
the  control  of  an  automatic  governor  than  can  the  Meyer  gear. 
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The  Rider  valve  is  quite  often  given  the  piston   form,  the 
oblique  ports  then  becoming  helical;   this  complicates  the  main- 


FiQ.  442. — ^Rider  Votive  with  Flat  Seat — German  Design.     Scale  about  1  to  10. 

valve  casting,  but  otherwise  is  a  simple  adaptation  of  Fig.  442, 
with  a  great  gain  in  the  balancing  of  the  valves. 


§  55.  Valve-gear  Details. 

(a)  The  Eccentric. — In  its  more  usual  form,  this  piece  is  the 
pin  of  a  short  crank,  enlarged  into  a  disk  big  enough  to  go  around 
the  shaft.  We  shall  here  consider  fixed  eccentrics,  as  distinguished 
from  those  carried  by  shaft-governors  A  general  view  of  practice, 
well  represented  by  the  examples  given  in  Figs.  443  to  449,  may 
be  summed  up  in  the  following  statements: 

Form  of  the  Eccentric, — ^The  wider  side  of  the  disk  or  "sheave" 
is  very  much  in  the  form  of  a  wheel,  with  one  or  more  arms,  Fig. 
?68  showing  an  extreme  case.  The  plainest  form  of  rim  and  hub 
is  seen  in  Figs.  443  and  444;   in  Figs.  445,  447,  and  448  there  is 
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a  central  stiflFening-web;  while  a  full  side-web  is  used  in  the  double 
eccentrics,  Figs.  446  and  449. 


Fig.  443.— Eccentric  for  Corliss  Engine,  to  fit  Fhaft  in  Fig.  312  I.    Scale  1  to  14. 
Sketches  E  to  J,  various  sections  of  the  eccentric-strap. 

Dividing  the  Eccentric. — When  the  eccentric  is  to  be  placed 
upon  the  main  engine-shaft,  it  is  nearly  always  made  in  two 
pieces,  held  together  by  bolts  with  nuts  or  keys.  Usually  the 
joint  is  recessed,  although  sometimes  fitted  bolts  are  used,  as 
in  Fig.  445:  the  most  positive  joint  has  the  tongue-and-groove 
nmning  radially,  as  in  Figs.  443  and  444.  The  clamping-bolts 
must  be  well  secured  against  working  loose;  in  Fig.  443,  for 
instance,  the  key  is  driven  in  hard,  then  lightly  riveted. 

Material. — For  stationary  engines  and  locomotives  the  eccentric 
is  made  of  cast  iron,  except  that  sometimes  the  smaller  '*half '' 
is  of  wrought  metal,  for  the  sake  of  strength;  but  in  the  higher 
grade  of  marine  engines,  cast-steel -eccentrics  like  Figs.  448  and 
449  are  very  common.    Occasionally,  especially  in  very  quick- 
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running  marine  engines,  the  eccentrics  are  foiged  solid  with  the 
shaft — which  reduces  rubbing-speed  and  saves  weight,  but  is 
costly. 


Fig.  444. — ^Locomotive  Eccentric  with  Cast-6teel  Strap,  Detail  from  Fig.  366. 

Scale  1  to  8. 

Fastening  the  Eccentric, — In  the  link-motion  the  eccentrics  are 
usually  keyed  upon  the  shaft,  because  the  conditions  of  service 
are  severe  and  a  positive  fastening  is  needed.  With  the  easy- 
running  Corliss  gear,  set-screws  give  sufficient  security,  accom- 
panied by  flexibility.  Ease  of  adjustment  is  especially  desirable 
where  the  exhaust-valves  are  separately  driven  and  the  engine 
is  liable  to  such  a  change  of  condition  as  from  open  exhaust  to 
running  condensing.  The  eccentric-hub  is  bored  to  an  easy  close 
fit,  so  that  it  can  be  moved  upon  the  shaft,  but  will  have  no  lost 
motion.    When  set-screws  are  used  along  with  a  key,  as  in  Fig. 
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444,  they  serve  to  take  up  all  slack,  besides  preventing  endwise 
movement.  One  reason  for  not  using  set-screws  alone  where  the 
eccentric  must  be  very  strongly  held  is,  that  if  they  are  screwed 
down  very  hard  they  are  likely  to  distort  the  sheave. 


Fig.  445. — ^Eccentric  with  Side-  Fig.  446. — ^Double  Eccentric,  for  Loco- 

hub,  for   Exhaust-valves   of  motive,  see  Valve-gear  in  Fig.  455. 

Simple  Engine  like  Fig.  215. 

Adjustable  Eccentrics. — For  large  engines  a  simple  set-screw 
fastening  is  rather  crude.  A  better  type  of  arrangement,  fre- 
quently used,  is  repre- 
sented by  Fig.  447: 
this  is  taken  from  a 
large  vertical  Corliss 
engine  which  has  its  I 
valve-gear  driven  by  a  i 
6''  lay-shaft  instead  of 
the  26''  main  shaft— 
the  two  being  con- 
nected by  an  interme- 
diate vertical  shaft  with 
spiral  •  gearing.  The 
drawing  shows  clearly 
how  the  eccentric  is 
clamped    to    the   fixed 


Fig.  447.— Adjustable  Eccentric,  Clamped  upon 
Fixed  Hub. 


hub  or. clutch  1,  by  studs  which  pass  through  oblong  slots.    The 
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socket  S  is  to  receive  a  bar,  by  which  the  eccentric  can  be  easily 
moved  when  the  bolts  are  slacked  off.  Sometimes  in  the  link- 
motion  one  eccentric  is  keyed  fast  and  the  other  bolted  to  it,  with 
oblong  holes,  after  the  same  manner. 

Bearing-surface, — This  is  nearly  always  cylindrical,  with 
recesses  at  the  edges  to  make  room  for  the  collars  on  the  strap; 
very  rarely,  the  collars  are  on  the  eccentric  itself.  A  special  type 
(German)  is  shown  at  H  in  Fig.  443;  and  where  the  rocker-arm 
works  in  a  plane  at  right  angles  to  that  of  the  eccentric,  as  in 
Fig.  255,  the  eccentric-face  must  be  spherical.  Both  these  latter 
arrangements  make  the  full  width  of  the  face  effective  as  bearing- 
surface.  Note  how  the  hole  under  the  clamping-stud  is  filled 
with  babbitt  metal,  in  Fig.  443*,  to  make  tl\e  surface  continuous. 


Fig.  448. — All  Cast-steel  Design,  recent    Fig.  449. — Steel  Eccentrics  Cast  to- 
ll. S.  Battleship.    Scale  1  to  25.  gether,     Forged     Straps,    French 

Battleship.    Scale  1  to  25. 


(b)  The  Eccentric-strap. — In  general  form  this  rod-end 
bearing  is  analogous  to  the  marine  connecting-rod  end  in  Fig. 
308;  in  detail  it  varies  as  to  form  and  material,  manner  of  fastening 
the  rod  to  it,  construction  at  the  joints,  kind  of  rubbing-surface, 
and  provisions  for  lubrication.  Cast  iron  is  commonly  used  on 
stationary  engines,  typical  cross-sections  being  shown  at  E  and  F, 
Fi'^.  443,  and  a  good  example  at  C.  Cast  steel  prevails  where 
weight  must  be  kept  down,  as  in  Figs,  444  and  448.     For  large, 
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high-speed  marine  engines,  the  straps  are  frequently  of  forged 
steel,  as  in  Figs.  449  and  450,  in  which  case  simplicity  of  form  is 
highly  important;  while  small  marine  engines  often  have  straps  of 
brass  or  bronze,  like  Fig.  443  G. 

Rod-fastenings. — A  crude  arrangement,  used  with  a  round 
rod  in  small  engines,  is  to  tap  the  hub  on  the  strap  and  screw  the 
rod  into  it,  with  a  jam-nut.  Far  better  is  the  connection  in  Fig. 
443,  easier  to  make  and  put  together,  and  facilitating  adjustment 
of  rod-length.  On  locomotives,  where  there  is  considerable 
possibility  of  failure  of  lubrication  at  the  eccentrics,  the  rods 
must  be  very  stiff;  hence  the  use  of  a  deep  rectangular  rod,  strongly 
held  in  a  stout  nose  on  the  strap,  as  in  Fig.  444.  Another  type 
of  bolted  joint  has  the  bolts  in  the  plane  of  the  eccentric  and 
perpendicular  to  the  rod-axis,  a  rather  peculiar  and  special  example 
being  given  in  Fig.  451.  The  T-head  fastening,  very  common 
in  marine  practice,  needs  no  comment. 

Strap-joints. — The  simplest  form  is  the  plain  flat  joint  in  Fig. 
444;  but  stiffness  is  more  completely  assured  by  the  use  of  narrow 
fits,  as  in  Fig.  443,  because 
there  is  always  a  possibility 
that  a  continuous  flat  surface 
may  be  just  a  little  high  in 
the  middle.  Very  seldom  is 
the  joint  recessed  to  make 
the  halves  match  positively, 
because  it  is  an  easy  matter 
to  make  the  bolts  act  as 
dowel-pins.  Usually  there  are 
liners  or  distance-blocks  at 
the  joints,  and  with  forged 
straps  these  are  sometimes 
quite  long,  as  in  Fig.  450. 
A  very  special  arrangement 
is  shown  in  Fig.  451:  at  one  side  the  halves  are  practically  hinged 
together,  at  the  other  a  stout  stop-screw  determines  how  closely 
they  shall  approach;  so  that  exact  adjustment  can  be  made  very 
quickly,  and  much  more  easily  than  by  changing  or  filing  down 


Fig.  450.— Forged  Steel  Strap  for  Large 
Cruiser.    Scale  about  1  to  27. 
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liners.  Further,  the  compressive  effect  of  the  bolts  is  concentrated 
at  the  middle  of  the  joint  (on  just  the  opposite  principle  to  that 
in  Fig.  443),  with  the  idea  of  not  distorting  the  strap  by  any 
possible  force-action  in  the  joint. 


Fio.  451. — ^Adjustable  Eccentric-strap  from  Engine  in  Fig.  205.     Scale  1  to  6, 
for  12''X12'' Engine. 

Rubbing-surface  and  Lvbrieation, — Not  infrequently,  a  simple 
bearing  of  cast  iron  on  cast  iron  is  or  has  been  used;  but  in  all  the 
better  grades  of  practice  the  strap  is  lined  with  some  anti-friction 
metal.  In  Fig.  444,  tin  is  self-soldered  upon  the  steel  surface,  just 
as  on  the  cross-heads  in  Figs.  286  and  289;  Figs.  443  A  and  G  show 
the  detail  of  babbitt  linings  cast  in  pockets;  while  separate  shells, 
fastened  into  the  strap,  are  shown  by  Figs.  443  J  and  451. 

To  supply  oil  in  Fig.  443,  an  ordinary  sight-feed  drip-cup  is 
screwed  into  the  boss  on  the  strap.  Marine-engine  straps,  such 
as  Figs.  448  to  450,  have  oil-pipes  like  those  on  the  connecting- 
rods,  coming  from  cups  fastened  well  up  on  the  eccentric-rods. 
On  small  high-speed  stationary  engines,  oil  is  supplied  from  a 
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fixed  cup  or  pipe,  and  received  by  some  such  device  as  the  catch- 
cup  in  Fig.  451.  In  Figs.  444  and  451  we  see  pockets  formed  in 
the  lower  part  of  the  strap,  to  hold  a  supply  of  oil.  On  Fig.  444, 
the  boss  at  the  upper  left-hand  comer  is  for  a  grease-cup,  this 
lubricant  remaining  in  reserve  against  overheating. 

(c)  Valve-gear  Rods. — ^The  general  form  of  the  eccentric- 
rod  and  the  other  connecting-links  in  the  valve-gear  can  be 
pretty  clearly  seen  on  a  number  of  the  pictures  in  the  first  part 
of  Chapter  VIII.,  particularly  m  Figs.  201,  208,  210,  212,  215, 
217,  and  221;  as  also  on  the  general  drawings  of  valve-gears  at 
Figs.  366,  368,  391,  394,  and  455. 

On  large  engines,  the  eccentric-rod  usually  tapers  from  the  strap 
toward  the  other  end;  and  long  connecting-rods,  used  in  gears 
Uke  the  Corliss,  often  taper  from  the  middle  toward  the  ends.  In 
the  link-motion,  especially  on  locomotives,  the  rectangular  cross- 
section  for  the  rod-body  is  very  common;  elsewhere,  the  round 
rod  is  almost  universally  used. 

Rod-ends. — ^The  joints  in  the  locomotive  valve-gear  are  nearly 
always  of  the  solid,  non-adjustable  type,  with  case-hardened 
bushings  on  hardened  pins;  then  whatever  the  form  of  the  end, 
it  is  foiged  solid  with  the  body  of  the  rod — see  Figs.  366,  367, 
and  455.  The  same  type  of  bearing  has  been  used  on  some  sta- 
tionary engines;  but  the  great  majority  of  designers  have  pre- 
ferred arrangements  which  permit  the  taking  up  of  wear — using 
therewith  one  of  the  harder  bearing-metals,  generally  brass.  All 
the  types  of  connecting-rod  ends  have  been  adapted  to  the  valve- 
gear:  thus  Fig.  452  I.  shows  the  old-fashioned  key-and-gib  joint, 
while  the  bolted  strap  is  seen  on  Fig.  217;  the  solid,  mortised-out 
end  like  Fig.  304  is  sometimes  used;  Fig.  368  has  the  half-solid 
marine  end  like  Fig.  308;  and  Fig.  448  shows  eccentric-rod  forks 
shaped  for  square-box  marine  ends,  as  in  Fig.  309.  On  stationar}' 
engines,  however,  the  separate  head,  screwed  on  the  rod  and 
locked  by  a  jam-nut,  is  by  far  the  most  common  arrangement; 
this  head  either  being  solid,  with  a  half-box  set  up  by  a  screw 
as  in  Fig.  452  II.  or  by  a  wedge-key  as  in  Fig.  460,  or  else  having 
the  "marine"  form  shown  in  Fig.  452  III.;  usually  the  head  is  all 
of  brass.    When  facility  for  rod-length  adjustment  is  desired, 
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the  ends  of  the  rod  are  threaded  right  and  left;   and  provision  is 
then  usually  made  for  taking  hold  with  a  wrench,  either  by  flat- 


FiG.  452. — ^Valve-gear  Rod-ends. 

ting  the  rod  as  in  Fig.  460,  or  by  forming  a  hexagon  ''head"  upon 
the  body  of  the  rod  as  in  Fig.  201. 

(d)  Rockers  and  Valve-rod  Slides. — The  name  ''rocker" 
or  "rocker-arm"  is  applied  to  any  oscillating  lever  used  to  connect 
the  successive  rods  in  a  valve-gear.  Absolutely  the  simplest 
form  is  seen  in  Fig.  212,  where  the  short  rockers  at  the  base  of  the 
governor  serve  merely  to  guide  the  rod-joints,  without  any  effect 
upon  the  motion  transmitted.  Very  common  in  Corliss  gears 
is  the  type  in  Fig.  210,  which  gives  the  rod-movement  a  side- 
wise  displacement  in  the  plane  of  the  mechanism,  with  change  of 
magnitude,  usually  an  increase.  Analogous  to  this  is  the  bent 
lever  or  bell-crank  rocker  on  Fig.  208.  The  exhaust-valves  in 
Fig.  215  are  driven  by  a  plain  reversing-rocker,  pivoted  at  or 
near  the  middle.  For  a  direct  transfer  from  one  plane  to  another, 
the  U-shaped  device  seen  on  Fig.  201  is  most  often  used;  the 
horizontal  lever  in  Figs.  2  and  4  serves  the  same  purpose,  but 
complicates  the  rod-joints  by  combining  movements  in  planes 
perpendicular  to  each  other.  Most  complex  of  all  is  the  Z-shaped 
locomotive  rocker,  shown  in  Fig.  366,  which  transfers  in  two 
directions  and  reverses  the  rod-movement. 

The  U  rocker  in  Fig.  201  is  of  the  built-up  tjrpe,  with  two 
cast-iron  arms  keyed  to  the  shaft,  and  stiffened  by  making  the 
pins  on  the  ends  of  a  lighter  shaft  which  runs  from  one  arm  to 
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the  other.  In  Fig.  453  the  main  rocker  is  of  the  simple  keyed 
form,  that  for  the  cut-off  valve  is  all  of  cast  iron,  except  that 
it  is  clamped  upon  a  hollow  shaft  in  which  the  first  shaft  has  its 
bearing.  The  pins  at  E^  and  E^  are  carried  by  the  catch-blocks 
on  the  rods  instead  of  by  the  rockers,  these  blocks  being  made  on 


Fig.  453.— Double  Rocker,  to  Drive  the  Valves  in  Fig.  440. 


the  principle  of  Fig.  483  III.  Note  the  hole  for  the  starting-bar, 
best  shown  in  view  B,  so  made  that  when  the  bar  is  inserted  the 
two  rockers  are  locked  together — ^both  valves  being  released  from 
the  control  of  the  eccentries  and  moved  by  hand  in  stopping  and 
starting  the  engine. 

Valve-rod  Slides, — Quite  often  the  valve-rod  is  coupled  directly 
to  the  rocker,  as  in  Figs.  201  and  366,  its  own  flexibility  and  the 
small  departure  of  the  pin  from  a  straight-line  path  permitting 
this.  With  more  rigid  construction,  a  plain  knuckle-joint  is 
sometimes  formed  just  outside  the  stuffing-box,  with  nothing 
but  its  own  stiffness,  and  perhaps  a  little  support  from  the  pack- 
ing, to  hold  the  valve-rod  in  line.  A  small  hollow  slide-block 
or  cross-head,  suitably  guided,  may  be  formed  around  this  joint; 
but  the  solid  block  with  a  pin  projecting  from  the  side  of  it,  as 
in  Fig.  454,  is  more  usual.  An  advantage  of  this  arrangement  is 
that  it  can  give  all  the  offset  needed  when  the  eccentric  is  close 
to  the  bearing.  Fig.  206  presenting  an  example. 

Fig.  454  I.  belongs  to  the  valve-gear  in  Fig.  455,  A  being  a 
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front  and  B  a  top  view;  1  is  the  rocker  and  3  a  valve-rod  exten- 
sion, coupled  on  by  a  key-and-socket  joint  as  in  Fig.  366.  Upon 
this  rod  is  cast  a  phosphor-bronze  bushing  S,  which  works  in  a 
small  guide  fastened  to  the  main  guide-yoke.  Drawing  II.  shows 
the  slide-blocks  for  a  Meyer  gear  like  that  in  Fig.  398,  with  the 
form  of  the  guide-bracket.    At  III.  and  IV.  are  given  sketches 


Fio.  464.— Valve-rod  Slides. 

of  another  type  of  block,  which  combines  facility  of  adjustment 
for  wear  with  security  against  turning  of  the  block — that  is,  which 
holds  the  axis  of  the  pin  definitely  horizontal;  III.  would  be 
adjusted  by  means  of  liners  in  the  joint,  IV.  by  putting  them 
under  the  little  facing-strips,  which  are  screwed  upon  the  block 
to  form  a  part  of  the  rubbing-surface. 

(e)  Details  of  the  Link-motion. — Fig.  455  shows  a  loco- 
motive valve-gear  which  is  a  decided  improvement  on  common 
American  practice,  in  that  the  suspension-rods  10,  10  and  the 
extension-rod  7  are  made  double,  taking  hold  on  both  si^es  of 
the  link.  This  gives  simpler  stresses  and  better  insures  a  uniform 
distribution  of  the  pressure  upon  the  pins.  In  view  B  enough 
ot  the  eccentrics  and  of  their  rods  is  given  to  show  the  alignment, 
and  the  two  sets  of  suspension-links,  10  and  8,.  are  also  swung 
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into  the  horizontal  plane.  Incidentally,  this  drawing  shows  a 
solid  link,  cut  out  of  one  piece,  a  very  rigid  form  of  the  extension- 
rod  which  must  get  past  the  axle,  and  an  unusual  provision  for 
lubrication.  Not  all  of  the  oiling  devices  are  here  given,  the 
rods  10  having  cups  fastened  to  them  well  toward  the  upper  ends, 
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Fia.  455. — Looomotive  link-motion,  Standard  Penna.  R.R.  Design. 

with  pipes  to  the  lower  joints  after  the  marine  fashion;  similarly, 
cups  at  the  top  of  the  loop  in  7  supply  the  joint  7-8. 

The  Box  Link. — Fig.  456  shows  a  link  which  is  equivalent 
to  the  two-bar  marine  type — see  Fig.  368 — in  having  the  rod-pins 
on  the  center-line  and  yet  permitting  the  block  to  slide  into  the 
full-gear  positions.  View  C  shows  how  the  halves  of  the  link, 
with  the  end-blocks  out,  can  be  got  into  the  solid  jaws  of  the 
eccentric-rods,  while  D  gives  the  form  of  the  end-block.  This 
enclosed  form  of  link,  seen  in  Figs.  391  and  394  also,  is  inherently 
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the  most  difficult  to  make,  because  two  curved  surfaces,  required 
to  be  exactly  alike,  must  be  machined  separately;  while  the  two 
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Fig.  456. — ^Enclosed  or  Box  Link,  from  French  Locomotive. 


bars  of  a  marine  link  can  be  clamped  together  and  finished  in  the 
same  operation.     Sometimes  the  link  is  a  solid  curved  bar,  with 


Fig.  457.— Block  for  Marine  Link,  with  Valve-rod  End. 

the  block  surrounding  it;   but  this  is  necessarily  of  the  partial- 
gear  type,  like  the  one  in  Fig.  389  II. 
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The  Marine  lAnk-block, — A  block  like  that  in  Fig.  368  is  shown 
in  detail  by  Fig.  457,  together  with  a  separate  valve-rod  slide; 
quite  often,  however,  the  valve-rod  is  continuous,  an  enlarged 
portion  working  in  the  guide-bracket,  as  in  Fig.  368.  Note  how 
the  body  of  the  slide  is  drilled  deeper  than  needed  for  the  screwed 
joint,  to  diminish  its  weight.  The  block  for  Fig.  456  must  be 
like  this  one  in  having  the  pin  formed  at  the  middle. 

Marine-engine  Valve-^od  Guides. — From  Figs.  233  and  234 
can  be  got  a  good  idea  of  the  valve-rod  guide  used  on  marine 
engines,  carried  by  an  inverted  A  frame  bolted  beneath  the  cyl- 
inders. Especially  strong  guiding  of  the  rod  is  necessary  when 
two  piston-valves  are  coupled  to  a  wide  cross-head,  as  in  both 
the  figures  just  referred  to,  for  there  is  always  the  possibility 
that  one  valve  will  have  a  higher  resistance  than  the  other. 

§56.  The  Corliss  Valve-gear. 

(a)  A  Typical  Corliss  Gear,  without  special  or  novel  features, 
is  shown  by  Fig.  458,  partly  in  skeleton  outline;  it  is  very  much 
like  that  on  the  engine  in  Fig.  210,  and  belongs  to  the  cylinder 
shown  in  Figs.  261  and  262,  where  the  form  of  the  valves  may 
be  seen.  Besides  the  mechanism  on  the  cylinder,  we  have  here 
an  outline  of  the  crank-eccentric  and  of  the  rocker-arm,  at  A 
and  B.  Starting  at  the  eccentric,  we  shall  now  consider  in  detail 
the  form  and  action  of  this  valve-gear. 

Q))  Motion  of  the  Wrist-plate. — By  means  of  eccentric- 
rod  1,  rocker-arm  2,  and  reach-rod  or  hook-rod  3,  motion  almost 
harmonic  is  given  to  the  point  H  on  the  wrist-plate  4;  and  we 
may  say  that  this  piece  oscillates  in  practically  harmonic  motion, 
conceiving  its  angular  movement  as  determined  by  the  linear 
movement  of  H.  The  reach-rod  is  not  permanently  connected 
to  the  wrist-plate,  but  merely  hooks  over  the  pin,  so  that  the 
valves  can  be  moved  by  hand,  with  "starting-bar"  S,  in  starting 
and  stopping  the  engine. 

(c)  Non-harmonic  Movement  op  the  Valves. — Through 
the  valve-rods  5  and  7  and  the  cranks  6  and  8  the  valves  are  given 
an  oscillation  which  is  far  from  harmonic.    Intentionally,  the 
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opposite  angular  displacements  of  any  valve-arm,  from  a  mid- 
position  determined  by  putting  the  eccentric  at  90®,  are  made 
very  unequal.  This  is  clearly  shown  in  Fig.  462,  where  the 
mechanism  is  drawn  in  this  mid-position  and  the  range  of  move- 
ment of  each  C-point  is  marked.  The  result  sought  and  obtained 
is,  that  the  valve  shall  have  a  wider  and  quicker  movement  in 


Fig.  458. — Corliss  Valve-gear,  Single-eccentric  Type,  with  Full  Wrist-plate. 


1.  Eccentric-rod. 

2.  Rocker-arm. 

3.  Reach-rod. 

4.  Wrist-plate. 

5.  Steam-valve  rods. 


6.  Oscillating  cranks. 

7.  Exhaiist-valve  rods. 

8.  Exhaiist-valve  cranks. 

9.  Steam-valve  cranks. 

10.  Hook-claw. 

11.  Cam-ring. 


12.  Governor-rods. 

13.  Governor  rocker. 

14.  Dash-pot  rod. 

15.  Dash-pot  plunger. 

16.  Dash-pot  body. 


the  direction  for  opening,  a  shorter  and  slower  movement  on  the 
closure  side. 

The  principles  lying  back  of  this  valve-drive  are  illustrated 
in  Fig.  459,  which  is  an  outline  of  the  mechanism  for  the  head-end 
exhaust-valve,  taken  from  Fig.  462,  and  shown  in  mid-position 
and  at  the  two  extremes.  This  four-piece  mechanism  has  for 
its  moving  parts  the  oscillating  levers  or  cranks  OD  and  VC  and 
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the  connecting  link  or  rod  CD.  If  the  two  cranks  in  such  a 
mechanism  are  to  have  similar  and  symmetrical  movements,  it 
must  be  arranged  like  that  which  consists  of  the  rocker-arm, 
the  reach-rod,  and  the  wrist-plate  (with  the  frame),  on  Fig.  458 — 
the  essential  condition  being,  that  when  the  driving  crank  is  in 
mid-position,  the  other  shall  be  parallel  to  it  and  the  two  perpen- 
dicular to  the  connecting-rod,  or  to  a  line  of  mean  direction  with 
which  that  rod  remains  very  nearly  parallel.  With  the  wide 
departure  from  this  condition  seen  in  the  Corliss  valve-gear,  the 
driven  valve-crank  has  a  motion  very  different  from  that  of  the 
driving  wrist-plate. 


Fig.  459. — Outline  of  the  Valve-mechanism. 

A  simple  way  to  see  how  the  velocities  of  these  pieces  compare 
at  any  instant  is  to  note  the  property  that  if  perpendiculars,  as 
OE  and  VF,  be  dropped  upon  the  center-line  of  the  rod  C^Dj,  an 
ideal  mechanism  OEFV  can  replace,  for  the  instant,  the  actual 
linkage  ODjC.V.  With  a  given  linear  velocity  transmitted  along 
EF,  the  angular  velocities  of  the  cranks  will  be  inversely  as  the 
radii  OE  and  VF.  Where  OE  is  long  and  VF  short,  the  valve 
turns  rapidly;  at  the  dead-point,  just  beyond  ODjCjV  in  Fig.  459, 
where  OD  and  DC  are  in  line,  the  valve  stands  still. 

That  OE  is  the  effective  radius  of  the  wrist-plate  arm  OD,  to 
drive  the  rod  DC,  can  be  proven  (if  proof  be  needed)  as  at  B  m 
Fig.  459.  Resolving  the  velocity  DK  of  the  point  D  into  com- 
ponents along  and  perpendicular  to  the  rod,  we  see  that  the  trans- 
mitted component  DG  bears  the  same  ratio  to  the  radius  OE  that 
the  total  velocity  DK  does  to  OD:  wherefore,  a  rod  attached, 
for  the  instant,  at  E  would  be  kinematically  equivalent  to  the 
actual  rod. 
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(d)  The  Cut-opp  Mechanism. — The  releasing-gear  for  the 
head-end  steam-valve  is  shown  in  detail  by  Fig.  460.  Valve- 
crank  9  is  merely  dotted  in,  although  the  hook-pin  P,  carried  by 
it,  is  drawn  in  full.  At  B  the  several  cranks  are  shown  as  if  swimg 
into  one  vertical  plane,  which  involves  a  distortion  of  6;  and  to 
save  overlapping  the  hook-claw  or  latch  10  is  represented  only 
by  its  center-line.  All  the  valve-rods  have  heads  like  that  on  5, 
and  are  adjustable  in  length  by  means  of  right  and  left  threads, 
as  are  also  the  governor-rods  12  and  the  drop-rods  14.     The 


Fia.  460. — Detail  of  the  Releasing-gear. 


relative  positions  and  the  different  motion-planes  of  the  parts  of 
the  whole  mechanism  have  already  been  illustrated  in  Fig.  261. 

The  oscillating  crank  6  has  its  bearing  on  the  valve-bracket 
or  bonnet  B.  While  it  is  turning  toward  the  left,  the  valve  is 
closed  from  the  previous  cut-off,  and  at  rest;  as  6  nears  the  limit 
of  travel,  the  latch  L  slides  over  the  catch-pin  P,  going  just  a 
little  way  past  the  engaging  point.  As  the  crank  is  pulled  toward 
the  right  it  turns  the  valve-stem  with  it,  until  the  trip-arm  T 
strikes  the  knock-off  cam  Cj  and  L  is  pushed  out  so  as  to  disengage 
P;  whereupon  the  dash-pot  pulls  the  valve  quickly  back  to  its 
rest-position,  giving  a  sl^^rp  cut-off. 

It  will  be  noted  that  all  the  hooking  and  tripping  surfaces  are 
carried  by  small  pieces  of  hardened  steely  shaded  on  the  figure, 
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which  can  easily  be  re-adjusted  or  replaced — ^being  held  fast  by 
small  bolts  or  screws  not  fully  shown  on  the  drawing.  A  section 
of  one  dash-pot  is  given  in  Fig.  458;  it  is  of  the  double  type,  the 
inner  plunger  P^  being  mostly  concerned  with  the  vacuum-action, 
the  annular  plunger  P,  with  cushioning.  A  fuller  description  and 
discussion  of  the  dash-pot  will  be  found  in  Art.  (p). 

(e)  Control  of  the  Ctjt-off. — The  manner  in  which  the 
time  of  cut-ofif  is  determined  by  the  governor,  through  movement 
of  the  cam-ring  11,  is  apparent  from  Figs.  458  and  460.  An 
important  point  is  that  the  trip-arm  must  strike  the  cam  Cj  before 
the  crank  6  gets  to  its  limit  of  travel  on  the  open  side;  otherwise 
the  valve  will  not  be  released  at  all,  and  steam  will  be  admitted 
through  nearly  the  whole  stroke.  This  means  that  the  latest 
cut-ofif  operation  under  control  of  the  governor  must  b^in  a 
little  while  before  the  eccentric  gets  to  its  dead-point — ^rapidity 
of  closure  then  depending  upon  the  strength  of  the  dash-pot. 
As  will  presently  be  shown,  this  places  the  limit  of  controlled 
cut-ofif  at  from  40  to  45  per  cent,  of  the  stroke  in  engines  which 
have  all  their  valves  operated  by  one  eccentric. 

The  Governor. — ^This  is  of  the  vertical  fly-ball  type  for  a  Corliss 
engine,  the  one  from  the  machine  under  consideration  being  shown 
in  Fig.  461,  where  view  A  is  taken  from  the  cylinder,  looking 
toward  the  shaft,  while  B  is  a  view  from  the  front  of  the  engine — 
compare  Fig.  210.  The  working  of  the  governor-mechanism  is 
self-evident,  the  sleeve  6  being  moved  up  and  down  as  the  centrif- 
ugal force  of  the  balls  varies  with  reference  to  the  downward 
pull  of  their  own  weight  and  of  the  balance-weight  W;  and  the 
running-speed  can  be  changed  by  moving  W  in  and  out  along  its 
arm.  The  dash-pot  10,  with  a  loose-fitting  piston  working  in 
oil,  is  of  the  drag  or  damping  type,  and  is  put  on  to  keep  the 
governor  from  responding  too  freely  to  small  and  insular  impulses. 
The  governor-rocker  8  is  the  piece  numbered  13  on  Fig.  458. 

Action  of  the  Safety-cams. — In  Fig.  461  the  whole  mechanism 
is  drawn  in  the  starting  position  (for  the  engine  standing  idle), 
with  the  arm  L  resting  upon  the  stop-ring,  S.  This  gives  the  latest 
possible  cut-ofif,  without  release,  the  trip-arm  T,  Fig.  460,  just 
working  between  cams  C^  and  C,.    The  ring  S,  freely  turned  by 
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Fig.  461. — ^The  Governor. 


156(e))  THE  CORLISS   VALVE-GEAR.  307 

hand  after  the  governor  has  lifted;  has  a  part  of  its  upper  edge 
cut  away,  as  shown  at  C  on  Fig.  461.  When  the  engine  is  running, 
this  notch  is  to  be  brought  under  L;  then  if  through  accident  to 
its  belt  or  for  some  other  reason  the  governor  ceases  to  turn,  the 
balls  will  drop  below  the  rest-position,  the  safety-cam  C,  will 
be  brought  around  so  far  as  to  prevent  engagement  of  the  valve- 
arm  and  opening  of  the  valve,  and  the  engine  will  be  shut  down. 
Further,  when  the  governor  is  at  its  highest  position  the  knock-oil 
cam  Cj  should  release  the  valve  before  it  gets  back  to  the  point 
of  admission,  and  thus  again  shut  of!  steam  so  as  to  prevent  a 
runaway.  A  disadvantage  of  this  simple  safety-stop  is,  that  an 
overload  sufficient  to  slow  down  the  engine  to  any  considerable 
degree  will  bring  it  to  a  dead  stop,  unless  the  engineer  can  foresee 
this  condition  and  turn  the  ring  to  the  normal  rest-position; 
wherefore  he  is  likely  to  leave  it  in  this  position,  thus  depriving 
the  engine  of  protection  against  the  effects  of  an  accident  to  the 
governor. 

(/)  The  Movement  of  the  Vax.ves. — ^This  is  best  shown  by 
plotting  diagrams  like  Fig.  337,  with  the  linear  movement  of  a 
point  on  the  valve-face  profile,  along  its  circular  path,  as  ordinate 
and  the  developed  eccentric-circle  as  base.  For  the  steam-valves 
we  at  first  disregard  the  releasing-gear,  either  imagining  the 
oscillating  crank  to  be  fast  to  the  valve-stem,  or  considering  that 
we  determine  the  movement  of  a  point  on  this  crank  projected 
out  from  the  valve-face.  The  dimensions  necessary  for  a  layout 
of  the  valve-gear  are  shown  on  Fig.  462:  this  particular  example 
was  measured  up  from  the  actual  engine,  and  it  will  be  noted 
that  the  valve-rods  are  adjusted  to  different  lengths. 

Having  the  mid-position  outline  drawn,  we  next  strike  the 
circle  on  AB,  with  a  radius,  equal  to  that  of  the  eccentric  reduced 
to  the  upper  end  of  the  rocker-arm,  or  multiplied  by  the  ratio 
GD/FD  from  Fig.  458.  The  eccentric-rod  is  so  long  that  we  may 
very  well  disregard  its  angular  swing,  and  assume  that  the  hori- 
zontal movement  of  H  is  harmonic.  Then  an  angle-scale  for  the 
movement  of  the  wrist-plate  is  got  by  dividing  the  eccentric- 
circle  and  projecting  the  points  of  division  to  the  path  of  H.  For 
clearness  of  drawing,  this  path  is  moved  down  to  MN,  on  an  arc 
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struck  from  O'  with  a  radius  equal  to  OH.  It  would,  of  course, 
be  a  simple  matter  to  use  the  exact  method  of  Fig.  357  in  laying 
off  the  position-scale  for  H,  but  the  gain  in  accuracy  would  be 
insignificant. 

The  four  driving-points  D^,  Dj,  D,,  D^,  being  all  on  the  same  circle 
with  H,  this  travel-scale  MN  is  next  centered  on  each  one:  where 


Fio.  462. — Diagram  of  the  Valve-gear. 


two  paths  overlap,  as  is  the  case  with  Dj  and  D2,  one  scale  is 
marked  outside,  the  other  inside,  of  the  circle.  The  positions  of 
the  C-points  are  now  found  by  striking  off  the  rod-lengths,  and 
are  then  projected  radially  upon  the  circles  representing  the  pro- 
file of  the  full  cross-section  of  the  valve. 

Fig.  462  is  the  picture  of  a  drawing  in  which  the  mechanism 
as  a  whole  was  laid  off  half-size,  but  the  valves  drawn  full-size, 
then  the  actual  travel  of  the  valve-siuf  ace  is  given  by  the  opera- 
tion last  described,  and  it  is  only  necessary  to  rectify  the  curved 
path  in  order  to  have  the  desired  ordinates  of  travel.  For  this 
purpose  a  scale  of  inches  laid  off  on  the  valve-seat,  here  marked 
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on  the  inside  of  each  circle;  and  used  in  connection  with  the  hori- 
zontal ruling  on  Fig.  463,  is  most  convenient. 

The  movement-curves  got  by  plotting  the  several  sets  of 
ordinates  are  given  in  Fig.  463,  I.  and  II.  for  the  steam-valves, 
III.  and  IV.  for  the  exhaust-valves.  The  angle-scale  at  the  top 
of  the  diagram  is  the  same  as  that  on  the  circle  AB  in  Fig.  462. 
Travel  in  the  direction  which  opens  the  port  is  represented  by  an 
upward  ordinate  for  the  head-end  curves  I.  and  III.,  by  a  down- 
ward ordinate  for  II.  and  IV.  The  distortion  from  harmonic 
motion  is  very  clearly  shown  by  these  curves. 
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FiQ.  463. — ^Valve-movement  Curves. 

(g)  Eccentric-setting  and  Valve-action. — Having  drawn 
the  simple  curves  of  valve-displacement  in  terms  of  eccentric- 
position,  our  next  step  is  to  combine  with  these  the  lap  of  the 
valves — measured  in  the  usual  way,  in  the  position  shown  on  Fig. 
462 — and  thus  find  out  the  proper  setting  of  the  eccentric  with 
reference  to  the  crank.  For  present  purposes  it  is  enough  to 
consider  one  end  only  of  the  cylinder,  wherefore  curves  I.  and 
III.  are  reproduced  in  Fig.  464.  It  is  the  operation  of  exhaust 
that  determines  the  eccentric-setting,  because  both  ends  of  this 
period  have  to  be  considered,  as  against  only  the  beginning  of 
the  period  of  admission.  Usually  the  lead  for  release,  the  angle 
TOB  on  Fig.  334,  is  less  than  the  angle  of  compression,  so  that 
a  small  positive  lap  on  the  exhaust-valve  is  necessary:    this  is 
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represented  by  the  distance  of  the  Une  TS  above  the  base-line, 
being  here  one-quarter  of  an  inch.  Since  the  lead  for  admission 
must  be  less  than  that  for  release,  the  steam-lap  must  be  larger, 
and  QR  is  drawn  at  three-eighths  above  the  base-line.  We  now 
locate  suitably  the  dead-center  positions  of  the  crank,  A  for  head 
end,  B  for  crank  end,  and  find  the  angle  d  to  be  about  106°  or 
the  angle  of  advance  about  16° — by  noting  that  when  the  crank 
is  at  A  or  zero,  the  eccentric  is  at  106°  on  its  scale  as  marked  below 
the  base-line. 

The  Cut-off  Action. — Instead  of  following  the  movement  repre- 
sented by  the  whole  of  cur^'^e  I.,  the  steam-valve  really  moves 
according  to  the  full-line  curves  1,  2,  3,  or  4,  of  which  the  portion 
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Fia.  464. — Diagrams  for  the  Head-end  Valves. 

CDE  shows  quick  closure  under  the  pull  of  the  dash-pot,  and  the 
straight  line  EF  the  period  of  rest  while  waiting  for  the  next 
admission.  These  curves  are  merely  sketched  in  from  general 
considerations,  since  a  mathematical  determination  of  the  action 
of  the  dash-pot,  while  not  incapable  of  giving  quite  accurate 
results,  would  be,  in  length  and  complication,  rather  out  of  pro- 
portion to  the  importance  of  the  subject.  Only  a  roughly  approx- 
imate calculation  would  be  made  in  working  out  a  design,  to 
adapt  the  results  of  experience  to  the  particular  case. 

Valve  and  Indicator  Diagrams, — ^The  steam-valve  ciu^'^es  from 
Fig.  464  are  re-drawn  in  Fig.  465,  upon  the  stroke-line  of  the 
piston  as  base,  the  piston  positions  being  found  with  the  help  of 
Table  VIII.  and  including  the  effect  of  the  connecting-rod.  With 
these  are  to  be  compared  the  autographic  diagrams  in  Fig.  466  L, 
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which  were  taken  from  this  same  engine,  being  drawn  by  a  pencil 
moved  by  the  drop-rod  and  working  on  the  drum  of  an  indicator 
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Fig.  465. — Stroke-IiDe  Diagrams  for  the  Steam-valve. 

which  was  connected  to  the  ordinary  reducing-motion  from  the 
cross-head.  Simultaneous  indicator  diagrams  are  given  at  II, 
For  the  head  end,  the  two  types  of  diagram  agree  very  well  in 
proportions,  the  short  vertical  lines  showing  where  cut-off  takes 
place.  These  are  first  located  on  II.,  then  transferred  to  I.  with 
due  r^ard  to  the  difference  in  length  of  the  diagram.  The  crank- 
end  diagrams  were  evidently  not  really  taken  at  the  same  time. 
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Fig.  466. — ^Indicator  Diagrams  from  the  Engine  in  Fig.  458, 

The  characteristic  Corliss-engine  diagram  is  well  represented 
by  Fig.  466  II.:    the  distinguishing  features  are,  a  horizontal 
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admission-line,  a  sharp  and  usually  rather  early  cut-off,  release 
deferred  till  near  the  end  of  the  stroke,  and  a  compression-curve 
which  begins  late  but  rises  rapidly  on  account  of  the  small  clear- 
ance. At  III.  is  shown  what  happens  when  the  boiler-pressure 
drops  so  low  that  the  engine  cannot  keep  up  to  speed  under  its 
load,  and  the  releasing-gear  fails  to  act — the  steam-consumption 
per  revolution  being  now  much  greater  than  when  the  plant  is 
working  properly. 


Fig.  467. — Faults  in  the  Eccentrio-eetting. 

A  great  deal  of  the  valve-setting  to  be  done  on  a  Corliss  engine 
consists  simply  in  adjusting  the  lengths  of  the  various  rods.  Fig. 
467,  however,  shows  faults  in  the  setting  of  the  eccentric:  at  I. 
it  needs  to  be  advanced,  at  II.  we  see  the  effect  of  advancins: 
it  too  far,  apparent  especially  in  the  excessive  lead  shown  by  the 
outward  slant  of  the  rising  admission-lines. 

(h)  Valve-resistance  in  the  Corliss  Gear. — ^The  amount 
of  work  that  must  be  expended  in  moving  a  set  of  Corliss  valves 
is  small,  not  so  much  because  the  valves  are  not  at  times  pressed 
very  hard  upon  their  seats  as  because  the  movements  under  this 
heavy  pressure  are  small.  The  steam-valve  does  resist  strongly 
while  being  opened;  but  it  need  not  be  closed  by  any  greater 
amount  of  overlap  than  required  to  insure  tightness — Fig.  464 
showing  more  closure-travel  than  is  really  necessary.  When  it 
is  once  open,  any  single-function  valve  is  balanced  or  left  free 
to  move  easily  by  the  substantial  equalization  of  pressure  all 
around  it.  For  the  exhaust-valve  especially  there  is  a  decided 
gain  in  a  marked  distortion  from  harmonic  motion.  Referring 
to  Fig.  464  we  see  that  the  period  of  rest  and  of  slow  movement 
of  this  valve  coincides  with  the  time  when  the  steam-pressure 
in  the  cylinder  is  high:   and  the  wide  and  rapid  movement  takes 


5  56  {h)] 


VARIOUS  CORLISS  VALVES. 


313 


place  after  the  pressure  has  been  lowered  by  expansion  and  while 
the  port  is  open. 

Since  the  Corliss  valves  are,  for  a  part  of  each  revolution, 
definitely  unbalanced,  we  have  a  better  and  surer  basis  for  design 
of  the  gear,  as  to  strength,  than  with  balanced  slide-valves  which 
work  under  less  determinable  conditions. 

(i)  Various  Forms  op  the  Corliss  Valve. — As  to  the  steam- 
valve,  we  first  of  all  draw  a  distinction  between  inside  and  outside 
admission.  The  former  is  shown  in  Figs.  262  and  462  and  in  Fig. 
468  II.  and  IV.,  the  latter  m  Fig.  468  I.  and  III.  With  a  valve 
formed  as  in  Fig.  262,  outside  admission  has  the  small  disadvantage 
that  the  steam-current  must  follow  a  longer  and  more  tortuous 
path;  and  the  valve  in  Fig.  468  I.  is  an  improvement  in  this 
respect. 


Fig.  468. — Various  Steam-valves:  I.  Passage  through  Valve;   11.  Murray 
Valve;  III.  Brown  Valve;  IV.  Reynolds  Valve. 


Of  more  importance  is  the  matter  of  securing  double  admission. 
Fig.  468  II.  shows  how  this  can  be  done  with  a  single  port,  using 
the  principle  of  the  B  valve  for  the  second  opening.  Note  that 
after  the  right-side  valve-face  gets  to  the  middle  of  the  port — 
just  a  little  beyond  the  position  in  the  drawing — there  will  be 
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no  further  increase  in  the  effective  opening  as  the  valve  advances; 
and  that  the  mouth  of  the  port  is  made  wider  than  the  main  part 
of  the  passage  by  the  width  of  the  narrow  valve-face. 


Fio.  469.--Detail  of  Cylinder-casting,  Valve  in  Fig.  468  IV. 

Two  valves  which  may  properly  be  called  double-ported,  with 
interesting  differences  in  form,  are  given  in  Fig.  468  III.  and  IV.; 
and  the  valve-  and  steam-chamber  belonging  to  the  latter  is 
shown  in  detail  by  Fig.  469.  This  supplements  the  cylinder 
drawing  in  Figs.  261  and  262,  and  illustrates  a  somewhat  different 
form  of  steam-chamber,  most  clearly  shown,  perhaps,  by  the 
horizontal  section  at  D.  Note  how  the  heavy  cross-struts  cast 
in  the  port  are  reinforced  by  stay-bolts. 


Fig.  470. — Fleming  Triple-ported  Valve. 


A  triple-ported  valve,  belonging  to  the  engine  in  Fig.  263  and 
the  valve-gear  in  Figs.  490  to  493,  is  shown  in  several  positions 
in  Fig.  470.  View  A  is  mid-position,  with  the  three  laps  marked 
on  the  valve;   in  view  B  the  third  opening,  through  port  3,  has 
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its  greatest  effective  value;  thereafter  it  is  gradually  choked 
off,  and  is  entirely  closed  for  some  little  time  before  the  extreme 
position  at  C  is  reached.  This  valve  is  controlled  by  a  shaft- 
governor,  and  it  is  for  the  short  travels  that  go  with  early  cut-oflf 
that  the  third  port  is  intended  to  be  effective — compare  Figs. 
351  and  352. 


Fia.  471.— Detail  of  Reynolds  Valve;  Allis-Chalmers  Co.,  Fig.  468  IV. 


The  detail  drawing  in  Fig.  471  is  intended  to  illustrate  especially 
the  construction  of  the  valve  at  the  ends  or  heads,  and  to  show  the 
amount  of  bearing-surface  which  these  heads  carry.  Similar 
proportions  appear  at  II.  and  III.  in  Fij.  468;  but  sometimes 
the  heads  are  fully  cylindrical,  as  on  the  valv^  in  Fig.  470,  which 
has  also  a  full  bearing  in  the  two  vertical  webs  that  tie  together 
the  walls  of  the  steam-chamber. 

The  exhaust-valve  shown  in  Fi^.  472  I.  differs  from  that  in 
Fi:^.  262  only  ip  having  a  part  of  the  cylindrical  siuf  ace  cut  back, 
so  as  to  leave  merely  a  face  wide  enough  to  cover  the  port  properly 
when  closed,  with  sufficient  lap  over  both  edges.  At  II.  the 
steam  passes  through  the  valve,  and  openings  at  top  and  bottom 
are  closed  at  the  same  time.  The  especial  object  of  this  arrange- 
ment is  to  diminish  cylinder  clearance:  but  since  it  is  hardly  possible 
to  make  and  keep  the  valve  tight  enough  to  prevent  leakage  at 
the  top,  this  object  can  be  only  partially  attained.  The  action 
of  the  valves  at  III.,  IV.,  and  V.  is  obvious:  the  last  shows  a 
very  effective  way  of  reducing  clearance  to  a  minimum,  by  moving 
the  valve  partly  into  the  cylinder-space.  The  critical  position 
as  to  the  possible  interference  of  valve  and  piston  is  shown  in 
the  drawing,  for  reference  to  Fig.  464  shows  that  the  exhaust- 
valve  reaches  its  extreme  position  for  closure  while  the  piston  is 
yet  near  the  beginning  of  the  stroke.  The  valves  in  Fig.  472  VI. 
call  for  no  comment.    A  fact  to  be  noted  is  that  all  these  exhaust- 
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valves  open  by  turning  in  the  same  direction,  the  working  edge 
having  the  same  movement — outward  to  open,  inward  to  close — 
as  in  the  case  of  a  conmion  direct  D  valve. 


Fig.  472. — Various  Exhaust- valves:  I.  Plain  Single-ported  Valve;  II. 
Fleming  Valve;  III.  Murray  Valve;  IV.  Reynolds  Valve;  V.  Brown 
Valve;  Vl.  Valves  in  Head,  Cylinder  in  Fig.  268. 


(/)  VApous  Forms  of  the  Corliss  Gear. — Some  important 
general  relations  are  illustrated  in  Fig.  473.  Two  basal  ideas  are, 
first,  that  so  much  of  the  wrist-plate  as  serves  to  drive  any  one 
valve  (any  HOD  on  Fi^;.  462  or  Fig.  473)  may  be  considered  as 
simply  a  rocker-arm,  either  direct-driving  or  reversing;  second, 
that  the  valve-crank  drives  directly  when,  as  at  the  steam-valve 
in  Fig.  473  I.,  the  point  K  and  the  working  valve-edge  move  in 
the  same  absolute  direction;  but  it  is  indirect  when  the  driving- 
point  K  is  opposite  to  the  valve-edge,  with  respect  to  the  axis 
of  the  valve.  Then  for  the  normal  wrist-plate  drive,  with  H  at 
the  top  as  in  Fig.  458,  the  outside-admission  valve  is  of  the 
"direct"  type  (compare  Fig.  336)  and  is  directly  driven;  with 
inside  admission,  reversal  of  valve-movement  is  compensated 
by  the  change  to  an  indirect  valve-crank;  and  the  exhaust-valves, 
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themselves  direct,  are  driven  by  two  reversing-levers  which  neu- 
tralize each  other;  wherefore  the  normal  eccentric-setting  is 
"direct",  as  indicated  at  COE.  Only  by  connecting  at  the  bottom, 
at  H',  or  by  the  use  of  a  reversing-rocker  between  the  wrist-plate 


Fig.  473. — ^Typical  Arran^ments  of  the  Common  Corliss  Gear:   I.  Outside 
Admission;   II.  Inside  Admission. 


and  the  eccentric,  is  the  latter  thrown  into  the  indirect  position 
atE'. 

A  little  study  of  Fig.  473  will  show  that  if  the  desired  distor- 
tion from  harmonic  motion  is  to  be  secured,  and  the  several  valve- 
rods  kept  clear  from  crossing  and  interfering  with  each  other, 
the  only  possible  ways  of  connecting  the  valve-arms  to  the  wrist- 
plate  are  those  shown  on  that  figure.  In  every  case,  the  rod 
DK  is  in  tension  when  opening  the  valve,  or  the  valves  are 
pulled  open  and  pushed  shut.  Another  simple  relation  is,  that 
the  outside-admission  valve  has  the  drop-rod  inside,  and  vice 
versa. 

Fig.  474,  besides  showing  the  general  arrangement  for  this 
case,  is  intended  to  bring  out  the  particular  point  that  on  a 
vertical  engine  the  two  drop-rods  must  be  on  opposite  sides 
of  their  respective  valve-spindles — with  corresponding  differences 
in  the  arrangement  of  the  two  releasing-gears. 
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One  important  step  in  the  development  of  a  Corliss  gear 
for  higher  speed  is  the  adoption 
of  the  double-ported  valve,  which 
diminishes  the  amotmt  of  move- 
ment required;  another  is  to  reduce 
the  mass  of  the  valve-gear  parts, 
especially  by  making  the  wrist-plate 
as  light  as  possible,  or  by  getting 
rid  of  it  altogether.  For  the  steam- 
valves  there  is  no  great  advantage  in 
non-harmonic  motion,  with  a  releas- 
ing-gear;  so  that  they  can  very 
properly  be  driven  by  a  simple  and 
direct  system  of  rods,  as  in  both  cases 
of  Fig.  475.  But  for  the  exhaust- 
valves  the. wrist-plate  effect  is  highly 
Fio.  474.— Corliss  Gear  in  a  desirable,  as  brought  out  in  Art.  (h), 
Vertical  Engine,  with  Two  sO  that  I.  shows  a  better  design  than 
Eccentrics,   and    Valves  in  tt   •     -n-      ^^r^       a      xi.  i      r  xi_ 

Cylinder-heads.  I^-  ^^  ^^-  4' 5.    Another  example  of  the 

use  of  a  separate  bell-crank  near  each 
valve,  instead  of  a  central  wrist-plate,  is  given  in  Fig.  490.  In 
this  connection  it  may  be  well  to  remark  that  a  number  of 
builders  offer  to  furnish  Corliss  engines  to  run  at  speeds  as  high 
as  150  or  160  R.P.M. 


A^ 


'*T, 


■^^f 


FiQ.  475.— Gears  without  the  Wrist-plate:   I.  Brown-Corliss;  II.  Lane  and 

Bodley. 


(*)  The  Use  op  Two  Eccentrics.— We  have  already  stated, 
in  (e),  that  the  valve  must  be  released  before  the  eccentric  gets 
to  its  dead-point,  and  have  showTi  in  (g)  that  an  eccentric  to  drive 
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exhaust-valves  must  have  some  advance,  usually  15  to  20  d^rees. 
This  condition  is  represented  in  Fig.  476 1.,  where  d  has  the  minimum 
value  105^,  and  it  is  assmned  that  latest  dependable  release  must 
take  place  15®  before  dead-center  of  the  eccentric,  or  when  the 
crank  is  at  60®:  this  corresponds  very  closely  with  ciu"ve  4  on 
Fig.  464. 

C      _iS.  .  0^90 


Fig.  476. — Diagrams  of  Eccentric-eetting. 

A  very  obvious  way  to  increase  the  range  of  cut-off  is  to  set 
the  eccentric  back,  toward  the  crank,  so  that  it  will  turn  through 
a  larger  angle  from  the  position  for  crank  on  dead-center  to  that 
for  latest  release.  In  Fig.  476  II.  the  negative  advance  or  the 
angle  of  lag  is  25®,  and  the  latest  cut-off  begins  with  the  crank 
about  at  100®.  It  is  entirely  evident  that  this  eccentric  can  be 
used  for  the  steam-valves  only. 

The  limit  to  the  setting  back  of  the  eccentric  is  found  in  the 
fact  that  if  the  n^ative  lap  is  made  too  great,  the  valve  will  not 
cover  the  port  effectively  when  closed.  Thus  in  Fig.  476  III., 
CjOEi  is  the  crank-eccentric  from  II.  in  the  position  for  b^inning 
of  admission,  and  we  see  through  what  a  small  distance  the  valve 
has  moved  from  its  rest-position — a  distance  which  is  all  the 
smaller  if  there  has  been  much  wrist-plate  effect.  This  shows 
that  the  direct  drive  in  Fig.  475  is  highly  appropriate  if  the  eccentric 
is  to  be  set  well  back  of  the  90-d^ree  position.  Fig.  476  III. 
brings  out  further  the  absolute  necessity  of  insuring  that  a  gear 
of  this  type  shall  never  fail  to  release:  for  the  condition  which 
produced  the  indicator  diagrams  in  Fig.  466  III.  would  in  this 
case  keep  the  valve  open  until  the  crank  got  around  to  Cj,  or 
far  into  the  exhaust-period. 
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(l)  Gears  with  Moving  Trip-cams. — An  alternate  to  the 
scheme  of  usuing  a  separate  eccentric  for  the  steam-valves  is 
found  in  the  rather  recently  applied  idea  of  giving  the  knock-off 


Fia.  477. — Extended  Cut-off  Gear,  from  the  Snow  Pumping-engine,  Fig.  229. 

cams  an  oscillating  movement,  so  that  they  can  catch  and  move 
the  trip-arm  even  after  the  valve  has  started  to  return  from  its 
position  of  extreme  opening.  This  type  of  gear  is  used  chiefly 
on  pumping-engines  that  deliver  directly  into  the  mains,  working 
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against  a  moderate  water-pressure  ordinarily,  but  required  to 
produce  a  much  higher  pressure  when  water  is  needed  for  fighting 
fire.  A  good  example  is  illustrated  in  Fig.  477,  and  is  further 
outlined  and  discussed  in  Fi2:.  478. 


ux 


Fia.  478. — Action  of  the  Snow  Gear. 

In  Fig.  478  I.  the  gear  for  the  head  end  is  ^own,  and  from 
the  wrist-plate  1  to  the  hook-piece  4  it  is  of  the  usual  form,  except 
for  the  special  shape  of  the  tail  T.  The  auxiliary  rocker  or  wrist- 
plate  5  is  driven  from  the  main  cross-head,  the  point  R  moving 
as  if  directly  connected  to  the  eccentric-center  marked  F  on  II. 
The  block  7  is  held  and  moved  by  the  r^ulator,  being  raised  to 
retard  cut-off,  lowered  to  hasten  it.  To  illustrate  the  action  of 
the  oscillating  cam  C  on  piece  6,  a  series  of  successive  positions 
of  C  and  T  is  drawn  at  IV.,  the  numbers  corresponding  to  the 
angular  positions  of  the  crank-eccentric  indicated  at  III.  In 
cases  4  to  7,  the  dotted  outline  shows  where  T  would  be  if  not 
depressed  by  the  cam  C;  and  it  is  evident  that  release  of  the 
valve  will  take  place  between  positions  4  and  5,  when  the  cranK 
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is  near  90®.    Note  that  T  has  its  maximum  travel  to  the  left  at 
4,  while  C  does  not  get  to  its  lowest  position  till  a  little  after  7; 


Fig.  479. — ^Nordbei^g  Gear  with  Moving  Trip-cams. 

A  device  on  this  principle  for  an  ordinary  power  engine  is 
sketched  in  Fig.  479.  The  cam-piece  5  is  pivoted  at  the  top  and 
moved  by  the  oscillating  lever  8,  which  is  driven  from  a  special 
eccentric  on  or  near  the  crank-line,  through  the  rod  9.  The 
governor  exerts  its  control  through  the  T  crank  7,  the  letter  L 
marking  the  same  piece  here  as  on  Fig.  461.  The  latch  3  cannot 
be  fastened  rigidly  to  the  arm  4,  since  it  must  be  free  to  spring 
back  and  let  the  end  of  5  slide  up  past  it.  At  B  is  shown  how 
a  horizontal  arm  fast  to  3  can  rest  against  the  stop  S  on  piece 
2  ordinarily,  and  be  raised  at  the  other  end  by  the  projection  T 
on  piece  4  when  the  free  end  of  4  is  raised  by  the  cam-slot  in  5. 
By  allowing  a  slight  clearance  at  this  point,  4  is  left  free  for  the 
small  movement  due  to  the  fact  that  the  plain  part  of  the  cam- 
slot  is  not  an  arc  central  at  the  point  about  which  the  main  arm 
2  oscillates. 

An  interesting  and  unique  valve-gear  is  shown  in  Fig.  480. 
The  method  of  releasing  is  essentially  the  same  as  in  Fig.  478; 
but  the  valve,  instead  of  being  closed  by  a  dash-pot,  is  turned 
back  positively  by  the  oscillating  cam-piece.    The  primary  mech- 
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anism,  consisting  of  the  free  crank  2  and  the  disk  3  keyed  to  the 
valve-spindle,  is  obvious.  Here  again  the  rocker  5  is  driven  from 
the  cross-head,  with  the  effect  of  a  center  at  F  in  II.  The  action 
of  the  cut-off  gear  is  best  seen  from  III.,  with  the  help  of  the  detail 


Fig.  480. — Steam-valve  Gear  of  the  Holly  Pumping-engine,  Figs.  227,  269. 


sketches  at  IV.  Just  after  the  cam  C  raises  the  latch  L  clear  of 
the  hook-plate  on  3,  the  arm  A  on  4  comes  into  contact  with  the 
stud  B  which  projects  back  from  3,  and  pushes  the  valve  back. 
To  show  the  action  fully,  a  set  of  motion  curves  is  plotted  at  V. 
If  pieces  2  and  3  were  locked  together  with  the  latch  engaged 
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as  in  I.,  the  edge  B  would  move  according  to  curve  B;  the  ordinate 
of  the  curve,  laid  off  from  MN  as  base,  showing  the  curvilinear 
distance  of  B  from  a  mid-position  determined  by  putting  the 
eccentric  at  90°.  Similar  curves  for  edge  A,  which  actually 
determines  the  movement  of  B,  are  given  at  A^  to  A^,  showing 
travel  from  the  same  reference  position  that  was  used  for  B.  As 
it  happens,  the  disk  3  has  the  same  diameter  as  the  valve,  so  that 
these  curves  show  valve-face  movement  directly.  The  lap-line 
is  drawn  at  QR,  and  we  see  how  the  cut-off,  shown  by  the  inter- 
section of  the  A  curves  with  QR,  is  varied  as  the  position  of  the 
regulator-block  ranges  from  R^  to  R4  in  I.  The  critical  point  in 
the  action  of  this  valve-gear  is  on  the  side  of  closure.  With 
earliest  cut-off,  curve  Aj,  the  disk  3  must  not  be  turned  so  far 
that  the  hook  cannot  engage;  while  curve  A^,  for  latest  cut-off, 
must  dip  below  the  lap-line  QR  far  enough  to  secure  effective 
sealing  of  the  port.  A  disadvantage  is  that  with  late  cut-off  the 
hook  is  moving  quite  rapidly  when  it  engages  the  disk,  which 
involves  a  severe  jerk  on  the  machinery;  but  this  is  not  of  much 
importance,  because  the  engine  is  required  to  develop  its  highest 
power  only  occasionally  and  for  short  periods,  and  a  condition 
near  A^  prevails  normally. 


Fig.  481. — Scheme  for  Reversing  the  Corliss  Engine. 


(m)  A  Reversible  Corliss  Engine. — The  gear  outlined  in 
Rg.  481  is  taken,  with  some  modification  in  the  driving  arrange- 
ment, from  the  description  of  a  laige  mine-hoist  in  Power  for 
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Nov.,  1904.  A  link-motion  could  not  be  used  in  this  case,  because 
shortening  the  eccentric-radius  will  make  the  releasing-gear  fail 
to  act:  instead,  the  eccentric-radius  at  full  length  must  be  rotated 
on  the  shaft  from  one  running-position  to  the  other,  as  indicated 
on  gear-wheel  No.  1  in  Fig.  481,  which  wheel  is  either  on  the  shaft 
or  is  made  to  turn  with  it.  In  the  train  2  3  4  5,  the  intermediate 
gears  3  and  4  are  carried  at  the  comers  of  a  jointed  parallelogram; 
for  the  "mid-gear"  setting  of  the  eccentric  E^  in  5,  with  reference 
to  the  crank  on  1,  the  wheels  are  in  the  full-line  position.  By 
holding  1  and  2  fixed  and  swinging  the  frame  to  the  right,  as 
shown  in  dotted  lines,  the  eccentric  on  5  is  moved  to  E,;  and  an 
opposite  swing  will  carry  it  to  E^.  To  make  clear  the  action  of 
the  mechanism,  the  radii  of  3,  4,  and  5  which  originally  lay  under 
the  bars  of  the  frame  are  drawn  in  dot-and-dash  on  the  second 
position;  and  the  length  of  pitch-circle  which  has  rolled  away 
from  each  contact-point  is  indicated  by  heavy  black  arcs.  It 
must  be  understood  that  this  rigging  is  used  only  for  complete 
reversal,  the  cut-off  being  determined  by  the  usual  trip-cams, 
imder  hand-control. 

(n)  Detail  op  the  Releasing-oear. — A  number  of  typical 
devices  are  grouped  together  in  Fig.  482.  The  same  reference- 
numbers  are  used  on  all  the  figures,  1  designating  the  oscillating 
crank  (skeletonized  on  all  but  VI.),  2  the  latch-piece,  3  the  valve- 
arm,  and  4  the  cam-piece:  the  parts  are  lettered  mostly  as  on  Fig. 
460,  Ci  marking  the  trip-cam  and  Cj  the  safety-cam.  The  rod 
driving  1  is  marked  W  when  it  goes  to  a  wrist-plate,  E  when  the 
direct  drive  of  Fig,  475  is  used.  Design  I.  is  an  improvement  on 
the  standard  rig  in  Fig.  460,  in  the  direction  of  quiet  and  easy 
running;  the  tail  of  the  hook  carries  a  roller,  and  this  works  on 
non-metallic  surfaces,  the  cam-blocks  being  made  of  the  hard 
leather-like  composition  known  as  "fibre",  and  the  same  substance 
used  to  faoe  the  cam-ring  between  the  blocks  and  for  a  little  pad 
under  the  stop-pin  S.  At  II.  we  see  another  case  of  the  use  of 
the  roller,  the  trip-cam  also  being  of  this  form.  In  III.,  typical 
of  several  designs,  the  trip-arm  takes  the  form  of  a  long  tail,  the 
side  of  which  slides  on  the  cams.  IV.  shows  a  case  of  hooking 
fast  from  the  inside,  while  in  V.  the  cam  is  of  the  positive-movement 
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type,  so  that  the  latch-block  must  be  free  to  slide  up  and  down. 
Finally,  VI.  shows  a  design  with  the  fixed  catch-plate  on  piece  1 
and  the  latch-blocks  in  3;  this  latch  is  a  simple  rectangular  piece 
of  steel,  fitting  easily  in  the  slot  in  3,  dropping  into  place  by  gravity 


Fig.  482.— Various  Rele^ 

Brown;  IV.  Lane 


sob:    I.  Murray-Coriiss:    II.  Fishkill;   III. 
'ley;  V.  Harris;  VI,  Kobinson. 


alone,  and  supported  by  a  roller  at  each  end,  these  resting  on 
double  cam-rings. 

Inside  and  Outside  Valve-anm, — An  important  distinction  in 
the  arrangement  of  the  cut-off  gear  is  brought  out  by  comparing 
IV.  B  in  Fig.  482  with  Fig.  460.  In  the  latter,  and  in  all  the 
designs  here  shown  except  III.  and  IV.,  the  valve-arm  is  at  the 
outer  end  of  the  spindle,  beyond  the  bracket.  The  principal 
forces  can  be  brought  closer  to  the  cylinder  (and  hence  be  less 
severe  upon  the  valve-bracket)  by  putting  the  keyed  valve-arm 
inside  of  all  the  rest  of  the  gear,  in  the  opening  of  the  bracket 
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which  gives  access  to  the  stuflSng-box — this  opening  being  suitably 
enlaiged.  In  every  case,  however,  the  oscillating  crank  and  the 
cam-gear  are  carried  on  a  stud  projecting  from  the  bracket 

Some  European  designers  have  put  the  releasing-gear  in  the 
valve-rods  (marked  DC  on  Fig.  462)  instead  of  between  two 
oscillating  cranks,  changing  the  latch-mechanism  as  necessary; 
but  this  plan  seems  to  have  little  to  recommend  it. 


Fig.  483. — Different  Unhooking  Devices:  I.  Murray; 
III.  Brown. 


II.  Harris; 


(o)  Devices  for  Releasing  the  Driving-rod. — ^An  improve- 
ment on  Fig.  458  C  is  shown  in  Fig.  483  I.,  the  cam-plate  holding 
the  rod  down  when  in  the  running  position  and  lifting  it  off  the 
pin  as  the  handle  H  is  swung  to  the  right. .  Devices  which  take 
an  even  firmer  hold,  with  less  tendency  to  wear  loose  and  rattle, 
are  given  at  II.  and  III.  The  first  belongs  to  a  gear  arranged, 
at  the  cylinder,  like  those  in  Fig.  475,  the  block  being  at  the  middle 
of  the  horizontal  rod  connecting  the  two  oscillating  cranks.  In 
both,  the  first  movement  of  the  handle,  from  the  free  position, 
engages  a  positive  catch;  and  further  movement  clamps  the  split 
block  tightly  upon  the  rod.     In  III.,  the  cam  2  is  held  down 
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(joint  open)  by  friction  of  a^  slight  elevation  on  the  hub  H,  under 
the  pin  P:  raising  the  handle  a  little  frees  the  hub,  whereupon  the 
spring  inside  of  H  throws  the  block  1  up  as  soon  as  the  teeth  come 
into  the  engaging  position:  and  after  this  automatic  engagement 
the  block  is  clamped  by  hand.  Another  scheme  is  to  make  the 
wrist-plate  of  two  disks,  one  driven  by  the  reach-rod,  with  some 
arrangement  for  locking  the  disks  together. 

(p)  The  Dash-pot. — ^The  two  typical  forms  of  this  device  are 
shown  in  FiTS.  484  and  485,  with  single  and  double  plunger  respect- 
ively. The  dash-pot  has 
two  functions:  the  first, 
to  develop  a  strong  force 
to  pull  the  valve  shut 
quickly;  the  second,  to 
bring  the  moving  parts 
quietly  to  rest  after  the 
valve  is  closed.  The 
name  comes  properly 
from  this  second  func- 
tion, chiefly  because  the 
earlier  engines  had 
weights  or  springs  to 
close  the  valves,  and  the 
dash-pot  was  then  only 
what  its  name  implies. 
A  possible  arrangement  consists  of  a  simple  plunger,  with  a  small 
cock  to  r^ulate  the  necessary  flow  of  air.  To  get  a  wider  and 
more  flexible  adjustment,  several  valves  are  used,  and  in  the 
majority  of  cases  a  second  plunger  is  added,  as  P,  in  Fig.  485, 
which  takes  most  of  the  cushioning  function,  leaving  the  vacuum 
action  chiefly  to  Pj. 

As  the  plunger  rises,  a  partial  vacuum  is  formed  beneath  it, 
and  some  air  is  drawn  in;  as  it  nears  the  bottom  of  the  cylinder, 
on  the  drop,  this  air  is  compressed  and  furnishes  the  needed  coimter- 
force.  In  both  figures  we  see  first  an  adjustable  valve  V^,  next 
a  check- valve  V^^;  so  that  the  egress  is  made  freer  than  the  ingress, 
to  allow  for  the  fact  that  the  downward  movement  is  quicker 


484. — A  Single-plunger  Dash-pot, 
Frick  Design. 
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than  the  rise.  During  the  long  rest  between  admissions  the 
excess  of  air  can  all  escape,  until  only  atmospheric  pressure  is 
left  m  the  small  clearance-space  beneath  the  plunger.  The 
cushion-valve  Vg  on  Fig.  485  does  not  close  its  passage  even  when 


Fig.  485. — ^A  Two-plunger  Dash-pot,  Vilter  Design. 

screwed  all  the  way  in.  Relative  to  the  piston-displacement, 
this  valve  is  larger  than  Vj  and  Vj,  so  as  to  permit  a  freer  inflow 
under  the  outer  plunger,  which  therefore  exerts  less  pull  on  account 
of  vacuum,  and  is  more  strongly  checked  on  the  down  stroke.  It 
must  be  understood  that  these  devices  are  based  much  more  on 
experience  and  trial  than  on  a  priori  reasoning — ^both  as  to  form 
and  as  to  proportions. 


§  57.  Releasing-gears  with  Gridiron  Valves. 

There  are  a  number  of  standard  engines  which  have  flat  grid- 
iron  valves  moved  by  releasing  valve-gears.  In  the  general 
arrangement  of  the  valves  and  in  the  form  of  the  mechanism  they 
show  greater  variations  than  do  the  more  numerous  Corliss  designs; 
but  they  are  sufficiently  represented  by  the  two  examples  now 
to  be  described. 

(a)  The  Greene  Valve-gear. — In  Fig.  486,  view  A  shows  the 
special  gear  for  the  steam-valves,  the  slide  S  being  carried  on  a 
bracket  from  the  cylinder  and  moved  by  the  rod  E.    The  catches 
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C,  C,  adjusted  as  to  height  by  the  governor-gear  G,  engage  alter- 
nately the  trip-toes  T,  T,  and  push  the  valves  open:  the  latter  are 
closed,  after  release,  by  the  steam-pressure  on  the  ends  of  the 
large  valve-rods  and  by  the  drop-rods  D,  D.    By  making  the 


Fig.  486.— Valve-gear  of  20"  X  42''  Greene  Engine.    Scale  1  to  12  and  1  to  30. 


toes  T,  T,  of  slightly  unequal  length,  the  cut-offs  can  be  equalized 
against  the  distortion  in  piston-movement  caused  by  the  con- 
necting-rod. View  B  is  a  partial  section  of  the  cylinder  and  valve, 
showing  the  push-cranks  and  the  drop-rod  arms  on  the  oscillating 
shafts  which  transfer  movement  from  the  catch-gear  to  the  top 
of  the  cylinder.  Note  the  adjustable  bearing  for  the  slide-block, 
in  the  valve-rod  end.  View  C  is  partly  a  top  view,  partly  a  section 
above  the  valve-seat,  to  show  how  the  steam-  and  valve-chambers 
are  formed  upon  the  cylinder,  in  such  a  way  as  to  leave  a  clear 
space  for  the  valve-gear.  The  exhaust-valves  are  set  crosswise 
as  in  Fig.  264,  and  driven,  with  a  strong  distortion  from  harmonic 
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motion;  by  an  oscillating  shaft  which  lies  parallel  to  the  axis  of 
the  cylinder. 


Fig.  487.— Valve^Iug  and  Gear,  Wheelock  EngiDe,  see  Figs.  214, 266. 

(b)  The  Wheelock  Valve-geak. — ^The  valve-plug  belonging 
to  the  cylinder  in  Fig.  266,  with  all  the  gear  that  is  mounted  upon 
it,  is  shown  in  Fig.  487,  while  the  detail  of  the  mechanism  is  given 
in  Fig.  488.  The  valve-pusher  2  carries  the  hook-block  H,  which 
engages  the  latch  L  on  the  slide  3,  the  latter  being  free,  to  move 
up  and  down  between  shoulders  on  the  head  4  fast  to  the  valve- 
rod.  As  better  shown  in  view  B,  the  latch  L  has  projecting  ends 
which  rest  upon  the  lifter  5,  and  this  is  raised  and  lowered  by  the 
cam  6.  This  piece  is  swimg  one  way  or  the  other  by  the  governor; 
the  part  marked  C^  r^ulates  the  cut-off,  while  Cj  is  the  safety-cam, 
acting  just  as  in  a  Corliss  engine,  and  raising  the  latch  L  so  far 
that  H  cannot  engage  it.  Latest  cut-off  is  indicated  by  dotted- 
line  positions  of  H  and  L  and  of  the  arm  2  on  view  A,  the  greatest 
valve-travel,  with  the  dimensions  shown  at  C,  being  IJ".  Note 
how  small  is  the  lap  of  this  valve,  on  both  sides  of  the  port,  when 
closed. 

The  steam-valve  is  closed  by  steam-pressure  on  the  end  of 
the  valve-rod  and  by  the  spring,  with  perhaps  a  little  help  from 
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the  dash-pot:  but  the  latter  serves  chiefly  as  a  cushion,  with  a 
leather  pad  to  limit  the  stroke  of  the  plunder.  The  toggle-joint 
mechanism  for  the  exhaust-valve  is  merely  outlined  on  this  figure: 
note  that  the  rod  for  this  valve  has  a  good  bearing  in  the  head  of 
the  bracket,  alongside  of  the  dash-pot.  In  B  the  sectional  outline 
of  this  head  is  dotted  upon  the  full  view  taken  farther  in. 

The  action  of  these  gears  differs  in  no  essential  from  that  of 
the  Corliss  gear:  but  one  point  to  be  remarked  in  both  is  that  the 


Fig.  488.— Details  of  Wheelock  Gear.    Scale  1  to  8. 

piece  carrying  the  catch-plate  has  harmonic  motion,  as  is  likewise 
the  case  in  Figs.  475  and  482  V.  We  have  here  illustrated  two 
types  of  gridiron  valve,  the  first  in  Fig.  486,  with  a  few  long  ports 
and  a  sidewise  movement;  the  second  valve  is  long  and  narrow, 
with  many  short  bars  set  across  and  with  the  movement  length- 
wise. The  latter  type  is  more  often  used;  and  in  several  designs 
admission-valves  of  this  form  are  placed  vertically  on  the  side 
of  the  (horizontal)  cylinder,  with  the  exhaust-valves  beneath 
the  cylinder,  as  described  under  Fig.  486. 


§  58.  Non-harmonic  Gears  with  Variable  Eccentric. 

(a)  The  Porter-Allen  Valve-gear. — The  primary  mechanism 
in  Fig.  489  I.,  consisting  of  the  eccentric  OE,  the  oscillating  link 
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EAD  or  1  and  the  carrying-rod  2,  is  a  radial  valve-gear.  That 
the  movement  of  D,  or  of  any  point  B  in  the  slot,  is  the  resultant 
of  two  component  eccentrics  is  better  shown  at  II.  The  mid- 
position  A<,Do  of  the  link  is  detennined  by  bringing  E  to  O;  if 
now  this  center  E  on  the  rod  AE  were  brought  to  B,  the 
link  would  move  to  AjDj,  every  point  on  it  receiving  the  horizontal 
displacement  of  the  eccentric-center  E.  Swinging  the  rod  to 
AjE  rotates  the  link  to  AjDj:  and  it  is  easy  to  see  that  the 
additional  travel  D^D,  is  equal  to  the  horizontal  projection  FE, 


Fig.  489.— Outline  of  Porter-Allen  Valve-gear. 

of  an  eccentric  EE^  perpendicular  to  OE  and  in  length  equal  to 
OExAD/AE.  Then  the  resultant  eccentric  is  OEi;  and  as 
the  variable  driving-point  B  moves  along  the  arc  AD,  the  effective 
(eccentric-center  will  move  along  EE^.  The  eccentric-rod  AE  is 
so  short  that  its  effect  upon  the  horizontal  movement  of  A  must 
be  considerable. 

In  the  actual  mechanism,  the  link  AD  is  formed  right  upon 
one  half  of  the  eccentric-strap.    The  exhaust-valves,  coupled  on 
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one  rod  as  in  Fig.  250,  are  driven  from  D;  while  separate  rods 
from  the  two  arms  of  the  wrist-plate  6  give  the  steam-valves  a 
movement  which  is  very  decidedly  shortened  up  on  the  closure 
side.    The  action  of  the  governor  is  obvious. 


Fig.  490.— Outline  of  Fleming  Four-valve  Gear,  for  16"X16"  Engine. 
Scale  1  to  14, 1  to  7. 

(b)  The  Fleming  Valve-gear,  shown  on  Figs.  215  and  263, 
is  drawn  in  outline  for  a  simple  engine  in  Fig.  490,  the  valves 
being  made  double-size.  The  bent  levers  DFG  act  as  individual 
wrist-plates  for  the  steam-valves,  producing  a  strongly  non-sym- 
metrical movement,  as  is  shown  by  dotting  in  the  extreme  posi- 
tions. The  eccentric-setting  is  indicated  at  II.  The  steam-valves 
are  directly  driven  at  H — refer  to  §  57  (/) — ^but  the  indirect  wrist- 
plate  connection,  with  a  direct  rocker-arm  QAB,  makes  the  eccentric 
indirect  at  E^.  The  exhaust-valves  here  have  a  movement  opposite 
to  that  in  the  ordinary  Corliss  gear;  but  the  reversing-rocker 
KQJ  balances  this,  so  that  the  fixed  exhaust-eccentric  OE,  has 
the  direct  setting. 

The  first  thing  to  do  with  a  gear  of  this  sort  is  to  plot  a  general 
diagram  for  the  movement  of  the  mechanism  at  the  cylinder, 
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without  r^ard  to  the  eccentric,  as  in  Fig.  491.  Here  the  abscissa, 
measured  from  EF  along  AB,  is  the  horizontal  displacement  of 
the  point  A  on  the  steam  rocker-arm;  the  ordinate,  measured 
from  AB,  is  the  corresponding  travel  of  the  valve-edge  along  the 


Fig.  491 . — Motion  Diagram  for  Gear 
on  Cylinder 


Fig.  492. — ^Eccentric  Diagrams. 
Scale  1  to  2. 


curved  seat.  The  mid-position  from  which  all  travels  are  measured 
is  drawn  in  full  lines  on  Fig.  490,  for  the  eccentric  at  90°.  The 
head-end  curve  H  has  travel  for  opening  laid  off  upward,  the 
crank-end  curve  C  downward. 

The  next  step  is  to  draw  a  set  of  plain  eccentric  diagrams  like 
Fig.  357  I.  (compare  Fig.  359  as  to  general  arrangement).  In 
Fig.  492  the  E-locus  is  laid  off  with  the  known  dimensions  of  the 
governor,  and  the  whole  range  of  movement  is  divided  into  four 
equal  parts.  On  each  eccentric-circle  (as  on  no.  3  only  in  the 
figure)  must  be  laid  off  an  angle-scale,  with  the  zero  whjere  the 
eccentric  is  when  the  crank  is  on  head-end  dead-center.  The 
reference-line  being  an  arc  struck  with  the  eccentric-rod  as  radius, 
the  actual  displacements  of  A  can  be  very  exactly  measured  off 
directly  from  this  figure.  Distances  thus  got  are  laid  off  on  the 
base  of  Fig.  490,  being  indicated  by  the  several  displacement- 
scales  there  marked,  which  show  positions  of  A  corresponding  to 
crank-positions  designated  by  the  angle-numbers. 
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Ordinates  from  Fig.  491  are  now  used  to  plot  curves  on  the 
developed  crank-circle,  as  in  Fig.  463  (and  Fig.  337).  To  avoid 
overlapping  and  confusion,  separated  base-lines  are  used  in  Fig. 
493,  A^Bj  for  the  head  end,  A^Bj  for  the  crank  end.  The  effect 
of  the  difference  in  the  angles  DjFjGi,  1^2^202  ^^  Fig-  490  is  seen 
in  the  shorter  travel  of  the  crank-end  valve.  With  this  shorter 
travel  can  very  well  be  used  a  smaller  lap  than  in  the  head  end, 
60  as  to  get  equalized  cut-offs  with  practical  equality  in  the  effective 
widths  of  opening. 


FiQ.  493. — Curves  of  Valve-movement. 


The  action  of  the  triple-ported  steam-valves  in  this  engine 
has  already  been  discussed,  under  Fig.  470.  The  exhaust-valves 
call  for  no  additional  comment  here,  having  been  illustrated  in 
Fig.  472;  some  remarks  under  Fig.  475,  as  to  the  advantage  of 
retaining  the  wTist-plate  effect  in  the  exhaust- valve  drive,  are 
equally  applicable  to  this  gear. 

(c)  The  Ball  Four-valve  Gear. — ^The  most  highly  developed 
design  with  four  valves  is  partly  sho\vTi  in  Fig.  494.  By  putting 
the  valves  in  the  cylinder-heads  more  freedom  in  arranging  the 
ports  is  gained,  so  that  it  is  easy  to  get  triple-ported  steam-valves 
with  full  effect  of  all  three  ports,  and  double-ported  through- 
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passage  exhaust-valves.  The  valve-gear  on  the  cylinder  is  outlined 
at  II.;  and  for  the  admission-valves  the  idea  of  a  rest  during 
closure  with  a  quick  movement  for  opening  is  very  perfectly 
applied.  The  gear  is  of  the  individual  type,  with  everything 
except  the  main  driving-arm  1  inside  of  a  tight  casing  filled  with 
oil.  In  this  mechanism  there  is  first  a  "quadric  chain"  with 
pieces  1,  2,  and  3  as  the  moving  parts  (laid  out  in  plan  at  III.), 
the  oscillatinic  crank  3  turning  freely  on  the  valve-stem.     The 


Fig.  494. — Outline  of  Ball  Four-valve  Gear. 


valve  is  driven  from  the  middle  of  link  2,  through  the  pieces  4 
and  5  laid  out  at  IV.,  5  being  keyed  to  the  valve-stem.  Each 
of  these  pieces  is  a  malleable  casting,  made  up  of  two  links  (for 
the  sake  of  symmetrical  force-action)  joined  by  a  cross-bar  placed 
where  it  will  not  interfere  with  the  movement. 

The  action  of  this  gear  is  brought  out  by  Fig.  495.  The 
driving-arm  OF  is  vertical  in  mid-position,  so  that  OA  has  a 
symmetrical  oscillation.  Equally-spaced  positions  of  the  mechan- 
ism are  plotted,  for  a  range  of  movement  a  little  greater  than  the 
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widest  actual  movement,  as  indicated  by  drawing  the  largest 
and  smallest  (reduced)  eccentric-circles  on  OEj,  and  projecting 
to  the  path  of  A.  The  path  of  C  from  I  to  6  coincides  almost 
exactly  with  a  circular  arc  struck  from  the  highest  position  of 
D:  and  there  is  therefore,  as  shown  by  the  curve  at  II.,  absolute 
rest  of  the  valve  during  nearly  half  of  the  cycle-period — this 


6     5    4    3    2     I     0    1     8    9    K)    II    12 
Fig.  495. — Action  of  Steam-valve  Drive. 

latter  diagram  being  in  the  same  terms  as  Fig.  491,  with  travel 
of  A  as  base,  travel  of  D  as  ordinate.  For  an  unbalanced,  single- 
function  valve  this  action  is  ideal. 

(d)  The  McIntosh  and  Seymour  Valve-gear. — ^The  valve- 
gear  belonging  to  the  engine  in  Fig.  218,  of  which  some  details 
can  be  seen  on  Figs.  264  and  265,  is  drawn  in  outline  at  Fig.  496 1. 
The  main  eccentric  E^  acts  through  the  bent  rocker-arm  ABD 
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Fio.  406. — Outline  of  Mcintosh  and  Seymour  Siz-valve  Gear. 
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to  drive  the  maiix  steam-valves  and  the  exhaust-valves,  as  shown 
at  II.  and  III.,  which  diagrams  are  both  for  the  top  or  head  end 
of  the  cylinder;  while  the  cut-off  eccentric  Eg,  adjusted  by  a 
shaft^ovemor  as  at  VI.,  controls  the  riding  cut-off  valves.  Dia- 
gram IV.  is  an  outline  of  the  main  valve-drive  at  the  bottom  end, 
Vj  again  representing  the  steam-valve  and  Vj  that  for  exhaust. 
At  V.  we  see  how,  for  convenience  in  graphical  work,  the  cut-off 
eccentric  and  its  rod  and  rocker  A'B'  can  be  brought  to  a  vertical 
stroke-line  without  change  in  effect.  The  discussion  of  this 
mechanism  will  be  chiefly  analytical,  but  in  some  parts  synthetical, 
with  the  description  of  the*  several  diagrams  made  as  concise  as 
possible. 

120^90" 


Fig.  497. — Movement  of  the  Main  Rocker-arm. 


Distortion  of  Eccentric^movement  to  Equalize  Cut-offs. — At  first 
we  shall  proceed  as  if  we  did  not  know  the  proper  setting  of 
the  eccentrics  relative  to  the  crank,  plotting  in  Fig.  497  the  move- 
ment of  the  main  rocker  ABD  in  terms  of  the  eccSntric-angle. 
This  is  a  marked  case  of  the  condition  in  Fig.  363,  and  by  pro- 
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jecting  the  vertical  displacements  of  the  point  D  upon  the  line 
RT,  parallel  to  DF,  and  then  enlarging  this  travel-scale  at  II., 
we  find  that  periods  of  opening  having  a  considerable  difference 
in  angular  length  can  be  made  to  be2:in  at  diametrically  opposite 
positions  of  the  eccentric.  Thus  we  might  use  20°  to  177°,  200° 
to  351°,  with  respective  lengths  of  157°  and  151°:  but  these  periods 
are  longer  than  is  needful  for  the  main  valve,  and  it  seems  better 
to  use  30°  to  169°  and  210°  to  339°,  or  139°  and  129°  respectively 
for  the  bottom  and  top — remembering  that  we  must  have  the 
longer  opening  in  the  bottom  or  crank  end  to  equalize  cut-offs 
against  the  effect  of  the  connecting-rod. 


Fig.  498.— Bottom  Valve-drives. 

The  Bottom  Vaive-drives, — ^The  next  step  is  to  proportion  the 
valve-drives  for  the  bottom  end  of  the  cylinder,  as  in  Fig.  498, 
having  due  r^ard  to  maximum  lap  of  valve  when  closed,  time 
of  opening  (marked  B  on  path  of  G),  and  greatest  width  of  open- 
ing.* With  the  length  of  HG  and  GV  fixed  by  approximate  trials, 
we  should  finally  determine  the  angle  between  HG  and  GF  which 
will  give  HG  movement  over  the  proper  range — everything  being 
done,  primarily,  very  much  by  the  cut-and-try  method.  Note 
that  HF  is  given  the  same  swing  up  and  down  from  the  horizontal, 
FiHQj  and  FHGj  being  the  extreme  positions  of  this  four-point 
rocker.    At  IV.  in  Fig.  496  are  seen  simultaneous  positions  of 

*  It  will  be  necessary  to  disregard  subscripts  intelligently  in  reading  this 
discussion. 
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Gj  and  Gj.    The  results  got  in  Fig.  498  are,  that  the  steam-valve 
is  open  from  30°  to  169°,  the  exhaust-valve  from  190^  to  356°,  / 
of  the  eccentric-travel  as  scaled  on  Fig.  497  I.    Here,  as  in  the 
next  two  figures  also,  the  main  arm  HF  is  drawn  half-size  as 
compared  with  the  rest  of  the  diagram. 


Fio.  499. — ^Adjusting  the  Movement  of  the  Top  Valves. 


The  Top  Vaivenirives. — Now  comes  a  more  difficult  proposition. 
In  Fig.  497  II.  it  appears  that  the  vertical  travel  of  the  rod  DF 
is  much  shorter  for  the  period  of  ''top"  opening  than  for  the 
^'bottom."  This  was  all  right  for  the  bottom  valves,  but  must 
BOW  be  reversed  for  those  at  the  top,  if  the  movements  of  the  two 
sets  are  to  be  alike.  Fig.  499  shows  how  this  result  was  obtained, 
after  several  trials,  by  swinging  the  movement-range  of  HJ  up 
and  that  of  LK  down.  The  arcs  MiBjAj,  MjBjA^  are  made  just 
like  GiBjAi,  GjB^A^  on  Fig.  498;  and  then  the  length  of  LK  and 
the  inclinations  of  the  arcs  J^J,  and  K^K^  are  juggled  until  a  radius 
through  Bj  strikes  at  210°  on  K^Kj  and  a  radius  through  B,  at 
10° — each  diametrically  opposite  to  the  corresponding  beginning 
of  opening  in  the  other  end.  For  the  preliminary  trials  of  different 
proportions,  points  on  J^Jj  can  be  projected  horizontally  to  K^Kj: 
but  after  very  nearly  the  right  conditions  are  found,  actual  plotting 
must  be  done.  The  form  of  the  top  valve-drive  is  shown  in  Fig. 
500,  similar  to  Fig.  498,  and  giving  almost  exactly  the  same  valve- 
action  as  to  the  three  critical  points. 
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(e)  Movement  of  the  Cut-off  Valves. — Inspection  of  Fig. 
496  will  show  that  the  expansion  valve  can  most  simply  perform 
its  function  if  given  a  long  "dwell"  with  its  bars  nearly  over  those 
of  the  valve-seat,  and  a  quick  movement  to  the  right  and  back  at 
the  proper  time.  This  action  is  secured  by  oscillating  the  driving- 
arms  B'D'j  BT'  (on  Fig.  496  I.)  over  an  angle-range  Ijdng  near 
the  dead-point  lines  B'G',  B'K',  each  having,  however,  a  much 


Fig.  600. — Top  Valve-drives. 

greater  swing  toward  the  side  for  opening.  In  Fig.  501  we  develop 
a  method  for  plotting  accurately  and  at  full  size  the  movement  of 
these  valves,  with  a  minimum  of  work  and  in  a  small  space. 

First  of  all,  a  small-scale  drawing  of  the  mechanism  is  made, 
partly  shown  by  BdgH  at  I.,  to  give  the  directions  of  the  rods 
D'G',  F'K'  (Fig.  496),  as  at  d^g.  Then  taking  the  driving-arm 
B'A',  we  use  its  half -size  length  to  strike  from  B  the  arc  A^Aj,* 
next  draw  the  eccentric-circle  to  the  same  scale  on  OE,  divide  it 
as  marked,  project  the  divisions  horizontally  to  A^Aj,  and  the 
divisions  of  this  arc  radially  to  D'D',  FT',  which  are  struck  with 
the  full  lengths  of  the  arms  BD,  BF.  These  movement-scales  are 
now  transferred  to  the  actual  paths  D^Dj,  F^Fj,  and  we  are  ready 
to  plot  the  movement  of  G  and  K,  proceeding  as  follows: 
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Draw  the  rod-slant  line  DG'  for  mid-position  of  D;  through  D 
pass  an  arc  DS  like  GGj;  for  any  position  as  D^  draw  the  line 
DjRS,  intermediate  in  slant  between  perpendiculars  to  D^D'  and 
DG'  respectively;  then  DS  will  be  the  displacement  of  G^  from  G, 
at  the  end  of  the  arm  HG,  which  is  the  same  as  the  movement  of 


Fig.  501.— Action  of  the  Cut-off  Valve-gear. 

the  valve.  To  illustrate  the  equality,  we  draw  GT  parallel  to 
DG^  transfer  DR  to  GT,  and  draw  TGi  parallel  to  BS.  The 
principle  is  set  forth  at  III.  If  MN  is  a  line  midway  between 
the  two  rod-slants,  and  D^R  and  G^T  are  perpendicular  to  MN, 
we  have  TR  equal  to  G^Dj,  which  is  the  same  as  GD,  wherefore 
DR  and  GT  must  be  equal.    On  the  drawing-board  it  is  easy 
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to  give  the  D^S  lines  the  proper  inclination,  without  a  formal 
construction  such  as  will  be  involved  in  getting  MN  at  III. 


Fig.  502. — Primary  Valve-movement  Curves, 


Curves  of  Valve-^movement  are  plotted  in  Fig.  502,  set  I.  for  the 
main-steam,  II.  for  the  exhaust,  and  III.  for  the  cut-oflF  valves-^- 
all  on  the  eccentric-angle  base  with  zero  at  the  top  dead-center, 
and  with  the  last  set  in  about  the  proper  relative  position.  On  I, 
we  note  the  difference  of  about  ten  d^rees  in  the  two  main-valve 
cut-offs,  the  base-line  representing  the  line-and-line  or  edge  on 
edge  position  of  the  valve.  Further,  proper  positions  of  the 
crank  dead-centers  are  found,  that  for  the  top  at  215°,  that  for 
the  bottom  at  35®  of  eccentric-travel.  This  gives  the  eccentric- 
setting  in  Fig.  496  VI. 

The  last  step  is  to  combine  the  two  sets  of  steam-valve  curves 
and  see  how  well  the  variable  cut-offs  are  equalized.    The  main 
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curves  St,  Sb,  and  the  piston  curve  P,  are  obvious.  The  letter 
J  marks  the  apex  of  the  top  cut-ofif  curve,  H  that  of  the  bottom 
curve,  at  180®  and  0®  of  the  expansion  eccentric  respectively. 
Where  these  curves  cut  the  S  curves,  going  up  (valve  moving 
toward  right),  cut-off  takes  place.  The  half-stroke  cut-offs  C,, 
Cj  are  exactly  equal:  at  one-quarter  (subscript  1)  and  at  thre&- 
quarters  (subscript  3)  there  are  very  slight  irregularities.  For  the 
earliest  cut-ofif  (subscript  0),  the  actions  are  quite  a  little  non- 


Fio.  503. — Combined  Curves  of  Valve-movement. 


synmietrical.  From  the  positions  of  the  several  J's  and  H's  it 
is  easy  to  trace  out  the  eccentric-settings  shown  at  Fig.  496  VI. 
Thus  Jj  shows  that  the  crank  will  be  at  94^  when  the  eccentric 
is  at  180®,  or  that  the  eccentric  is  86®  ahead  of  the  crank:  and 
the  slant  of  the  rod  changes  this  to  an  actual  angle  of  71®. 

These  results  do  not  represent  quite  the  best  that  is  possible 
with  this  gear.  By  carefully  adjusting  the  several  elements, 
even  more  symmetrical  action  can  be  got  than  is  shown  in  Fig. 
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503.  Enough  has  been  given,  however,  to  illustrate  the  possi- 
bilities of  this  type  of  mechanism  and  to  set  forth  pretty  clearly 
the  methods  to  be  followed  in  designing  and  discussing  it.  This 
appears  to  be  about  the  ultimate  case  under  the  general  idea 
of  distorting  from  symmetry  the  simple  harmonic  motion  given 
by  the  eccentric. 


§  59.  Lift-valve  Gears. 

(a)  Different  Forms  of  the  Lift-valve. — ^The  three  typical 
forms  of  the  valve  which  opens  by  lifting  from  the  seat  are  shown 
in  Fig.  504;   all  are  double-seated,  and  are  so  arranged  as  to  be 


Fig.  504. — Different  Types  of  the  Two-seated  Valve. — ^I.  Poppet  Valve,  from 
Figs.  505  IV.,  509;  II.  Hollow  valve,  from  Fig.  267;  III.  Bell  valve,  as 
in  I.  and  III.,  Fig.  505. 

nearly  balanced,  only  an  annulus  equal  to  or  slightly  exceeding 
the  combined  width  of  the  two  contact-surfaces  being  subjected 
to  downward  pressure  when  the  valve  is  closed.  The  solid  double- 
disk  or  poppet  valve  at  I.  is  simplest  in  form,  but  requires  more 
complication  in  the  valve-chamber,  because  the  steam  coming  to 
it  must  be  given  access  to  both  top  and  bottom  by  means  of  pas- 
sages formed  in  the  casting:  for  a  given  diameter,  however,  it  has 
a  larger  capacity  than  the  valve  which  receives  steam  from  the 
top  only.    Type  number  II.  is  the  most  usual  valve  in  German 
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stationary  practice,  where  the  lift-valve  so  largely  prevails.  The 
dimensions  marked  on  the  figure  suggest  that  the  effective  opening 
is  determined  by  the  diameter  a,  being  the  area  of  this  circle  less 
the  cross-section  of  the  valve-casting;  and  that  the  annular 
passages  of  widths  b  and  c  should  be  given  equal  areas,  so  as  to 
permit  equal  flow  from  or  to  the  two  openings.  Type  III.  is 
derived  from  II.  by  a  kinematic  inversion,  the  valve  in  one  case 
corresponding  in  essential  form  with  the  seat  in  the  other:  it  has 
the  advantage  that  fitting  the  valve-seat  into  the  cylinder  is  a 
much  simpler  matter  than  with  the  double-contact  arrangement 
in  Figs.  267,  508,  and  509;  but  it  appears  to  require  rather  more 
room,  so  that  the  volume  of  the  cylinder-clearance  will  be  greater. 

These  valves  as  well  as  the  inserted  valve-seats  are  made  of 
hard  cast  iron.  The  contact-strips  or  seats  are  narrow,  ranging, 
with  the  size  of  the  valve,  from  one-eighth  to  one-half  inch  in 
width;  they  vary  from  a  45-d^ree  cone  as  in  I.  to  a  plane  surface 
as  in  III.  An  example  showing  a  different  direction  of  slant  at 
the  lower  seat  is  given  in  Fig.  504  II.  Almost  always  the  valves 
are  arranged  to  lift  in  opening,  although  engines  have  been  built 
in  which  some  of  the  valves  open  downward  and  are  held  up  by 
springs. 

Sometimes  single-disk  poppet  valves  are  used  in  the  low- 
pressure  cylinders  of  pumping  engines.  Thus  the  triple  engine 
whose  diagram  is  given  in  Fig.  606  I.  has  these  valves  for  exhaust 
on  the  L.P.  cylinder;  and  the  quadruple  of  Fig.  607,  with  eight 
sets  of  valves  in  all,  has  single-disk  valves  for  the  last  three. 

For  some  large  engines  four-seated  poppet  valves  have  been 
used  successfully. 

(6)  Various  Locations  and  Arrangements  op  the  Valves. — 
Fig.  267  is  typical  of  best  and  most  recent  practice  in  horizontal 
engines.  Quite  often,  however,  the  valves  are  placed  at  the  side 
of  the  cylinder,  either  one  above  the  other  in  pairs  as  in  Fig.  505 
I.,  all  four  in  a  row  on  one  side,  or  two  on  each  side.  On  a  vertical 
engine  the  upper  valves  are  best  placed  in  the  cylinder-head,  as 
in  II.,  but  those  at  the  bottom  are  nearly  always  on  the  side  of 
the  cylinder:  the  arrangement  in  Fig.  505  III.  is  used  at  both 
ends  of  the  cylinder  to  which  it  belongs.    The  last  example  in 
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Fig.  505  is  from  the  head-end  of  the  cylinder,  but  the  arrange- 
ment at  the  other  end  is  just  the  same,  except  for  the  small  dif- 
ference in  detail  at  the  center,  where  a  passage  must  be  formed 


Fig.  505. — Different  Arrangements  of  Lift-valves  upon  the  Cylinder. — I.  to 
in.  German  designs:  I.  Low-pressure  cylinder  with  bell  valves  on  same 
axis  serving  one  port;  II.  Hollow  valves  in  head  of  vertical  high-pressure 
cylinder;  HI.  Bell  valves  on  side  of  vertical  cylinder,  placed  side  by  side 
in  a  separate  casting  and  serving  one  port;  IV.  Poppet  valves  in  heads 
of  high-pressure  cylinders  of  large  engines  like  Fig.  219,  as  built  by  the 
Allis-Chalmers  Company  for  the  New  York  Subway  Power  House. 


for  the  piston-rod.  These  examples  give  a  fair  idea  of  the  range 
of  practice;  for  fuller  information  and  detail  the  reader  is  referred 
to  engineering  periodicals  or  to  Leist's  Steuerungen  fiir  Dampf- 
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Maschinen — this  remark  applying  also  to 
the  valve-gear  discussion  which  follows. 

A  rather  recent  development  along  this 
line,  shown  as  a  novel  design  at  the  Paris 
Exposition  of  1900,  is  the  use  of  piston  in- 
stead of  seated  valves  in  an  arrangement 
otherwise  like  that  which  has  long  prevailed 
for  lift-valves.  From  the  point  of  view 
of  one  trained  to  the  Corliss  type  for 
releasing  gears,  it  is  a  decided  advantage 
not  to  have  to  bring  the  valve  to  rest 
exactly  at  a  certain  level  (against  the 
seat)  without  shock.  These  piston-valves 
open  at  only  one  edge,  but  with  the 
C£  greater  facility  for  absorbing  their  momen- 
tum quietly  they  can  be  lifted  higher 
and    dropped    at    greater    velocity    than 

Fig.  5ot>.-^an^eii  Kcr-  the   double-opening   poppet   valves.    The 
chove  Piston-lift  Valves,  external  rigging   is  essentially  the  same 

as  for  the  latter  type  of  valves.  H. 

(c)  General  Arrangement  op 

THE  Valve-gear. — ^With  the  valves 

located  as  in  Fig.  267,  the  gear  at 

the  cylinder  takes  the  form  outlined 

in  Fig.  507,  the  manner  of  driving 

the  gear-shaft  being  indicated  at  II. 

Details  of  this  particular  gear  are 

given  in  Figs.    508  and  510  III. 

As  to  the  setting  of  the  eccentrics, 

that  for  the   steam   valve    must 

be  only  far   enough  ahead  of  the 

crank  to  take  up  the  over-travel 

of  the   latch  and  give  the  desired 

lead  when  the  crank   is  on  dead-  Fio.  507.-<)utline  of  Gear  at  CyUn- 

center.      In     Fig.     507     III.     the      der;  General  Arrangement  as  in 


crank   is   shown   as    if   upon   the 


Fig.  267. 


valve-gear  shaft  and  at  dead-center,  and  d^  as  marked  measures 
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Fig.    508. — ^The    Collman    Releasiiig-gear.        Fig.  509.— Detail  of  Steam- 
High-pressure    Cylinder    of    Compouna  valve  and  Gear,  42"  X  60". 

Engine.    Scale  1  to  8.  Cylinder   shown   in   Fig. 

605  IV.    Scale  1  to  18. 
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the  eccentric-angle,  from  the  respective  stroke-line  OS.  The 
exhaust-eccentric  OEj  has  the  same  angle  of  advance  as  for  a 
Coriiss  engine — somewhere  near  20  degrees. 

(d)  ADMISSION-VAX.VES  WITH  Releasing-gear. — A  first-rate 
German  design  is  shown  in  Fig.  508.  With  the  help  of  the  detail 
at  A,  the  arrangement  of  the  driving-mechanism  is  clear;  at  B 
we  see  how  piece  4  is  made  free  to  oscillate  with  the  sw^ing  of  3. 
The  forces  which  act  to  close  the  valve  are  the  weight  of  all  the 
parts  attached  to  the  valve-stem  and  the  push  of  the  lower  spring, 
here  placed  in  the  steam-space.  A  rapid  diminution  of  this  force  as 
the  valve  nears  its  seat  is  secured  by  the  use  of  the  lighter  counter- 
spring  at  the  top;  and  the  movement  is  checked  by  an  oil  dash- 
pot,  which  has  its  plunger  formed  as  better  show^n  at  C.  The 
large  holes  let  the  oil  pass  freely  while  the  valve  is  up,  but  only 
a  small  opening  is  effective  when  the  valve  is  close  to  the  seat.  To 
avoid  having  the  same  oil-resistance  at  the  b^inning  of  the  rise 
as  at  the  end  of  the  drop,  a  number  of  small  check-valves  are 
placed  in  a  circle  in  the  disk  of  the  plunger,  being  made  somewhat 
as  suggested  by  the  sketch  at  D.  Air  dash-pots  are  sometimes 
used,  and  it  will  be  noted  that  the  lower  end  of  the  valve-stem 
and  guide  on  which  the  valve-hub  slides  will  act  as  a  small  dash- 
pot  with  steam.  As  remarked  under  Fig.  267,  to  bring  the  drop- 
valve  quietly  and  yet  quickly  to  its  seat  is  a  more  delicate  task 
than  the  closing  of  the  Corliss  or  other  sliding  cut-off  valve. 

In  Fig.  509  the  valve  is  raised  by  a  rocking  cam,  carried  on 
a  spindle  which  is  oscillated  and  released  by  the  usual  Corliss 
gear,  with  the  dash-pot  on  the  side  of  the  cylinder.  The  cam  is 
forged  solid  with  the  spindle,  and  is  forked  so  as  to  bear  under 
the  collar  on  both  sides  of  the  valve-stem.  Here  the  space  under 
the  lower  end  of  the  valve-stem  is  relieved  to  the  atmosphere, 
so  that  the  steam  may  not  get  under  it  and  tend  to  lift  the  valve. 

(e)  Gears  with  Rocking  Cams. — For  the  admission-valves  of 
low-pressure  cylinders  (with  constant,  late  cut-off)  and  for  exhaust- 
valves  in  general,  the  desired  movement  can  be  very  effectively 
obtained  by  means  of  some  form  of  rocking  cam  or  lever.  Thus 
the  exhaust-valves  that  go  with  Fig.  509  are  lifted  by  a  cam  of 
the  same  shape;  and  the  dotted  outlines  show  how  the  body  of 
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the  cam  swings  down  from  the  collar  on  the  valve-stem  after 
closure.  This  same  idea,  of  letting  the  cams  swing  clear  during 
valve-closure,  is  further  illustrated  in  Fig.  510  I.  and  II.  In 
lifting  the  valve  receives  a  quick  acceleration,  then  a  steadier, 
rapid  movement.  Note  the  toggle-joint  drive  for  the  steam-valve 
in  I.    At  III.  we  see  a  rotary  oscillating  cam,  which  has  the  same 


FiQ.  510. — Rocking  Levers  and  Cams. — ^I.  Both  valves  of  a  low-pressure 
cylinder,  with  the  eccentric  drive;  II.  Another  exhaust-valve  gear; 
III.  Oscillating  cam  and  roller,  with  Figs.  507  and  508.    Scale  1  to  12. 

kind  of  movement  as  those  which  precede,  but  in  the  form  and 
manner  of  action  of  its  working-surface  resembles  the  rotating 
cams  in  Fig.  511. 

(/)  Linkage  Gears,  with  Positive  Movement. — ^There  are 
a  number  of  designs,  mostly  German,  of  gears  with  the  general 
arrangement  in  Fig.  507,  but  with  a  more  or  less  complicated 
kinematic  linkage  between  the  eccentric  and  the  valve,  including 
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some  scheme  for  varying  the  cut-off.  These  mechanisms  show 
great  ingenuity,  the  difficulty  of  the  problem  being  much  increased 
by  the  requirement  that  the  valve  must  rest  during  closure,  or 
that  a  movement-curve  like  that  in  Fig.  495  be  secured.  They 
are  not,  however,  of  sufficient  importance  to  be  given  here  the 
full  illustration  that  would  be  required,  and  the  reader  is  referred 
to  Leist  for  fuller  information. 


Fig.  511. — Cams  on  the  Side-shaft. 


FiQ.  612. — ^A  Positive  Cam-gear, 
Leavitt  Pumping-engine. 


(g)  Rotating  Cams. — Fig.  511  is  typical  of  a  large  number 
of  gears,  mostly  belonging  to  earlier  practice  and  used  at  moderate 
speeds.  With  this  device  it  is  easy  to  secure  quick  movement  in 
opening  and  closing,  with  periods  of  rest  between  the  movements; 
but  care  must  be  taken  not  to  form  the  profile  so  as  to  require 
too  sharp  accelerations  where  the  movements  begin  and  end. 
The  valves  are  moved  by  single  levers,  such  as  would  be  formed 
in  Fig.  508,  for  instance,  by  locking  pieces  1  and  3  together:  and 
the  springs,  arranged  as  in  Fig.  510  I.,  must  be  strong  enough  to 
carry  the  weight  of  all  the  rigging  out  to  the  rollers,  besides  furnish- 
ing the  force  needed  to  insure  continual  contact  of  the  rollers  on 
the  cam. 

A  scheme  for  making  the  cam-gear  positive,  so  as  not  to'need 
weights  or  springs,  is  indicated  in  Fig.  512.  This  particular  case, 
with  two  rollers  bearing  on  one  cam,  can  be  used  when  the  valve 
is  to  be  open  during  half  a  revolution;  for  shorter  periods,  there 
must  be  two  cams,  side  by  side  on  the  shaft,  one  designed  so  as 
to  give  the  desired  movement,  the  other  then  made  to  complement 
it  and  always  fill  the  space  between  the  two  rollers.    This  gear 
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is  used,  however,  not  with  lift-valves,  but  with  gridiron  slides 
like  those  in  Fig.  264. 

To  get  variable  cut-ofif 
with  rotating  cams,  these  are 
made  in  the  form  shown  in 
Fig.  513,  and  best  seen  in  the 
developed  outline  at  B.  In 
this  case  two  cams  are  placed 
on  the  same  sleeve,  so  as  to 
reverse  the  engine;  and  levers 
2  and  3,  which  work  the 
valves  at  the  two  ends,  are 
brought  into  the  same  plane, 
so  as  to  be  operated  by  the  ^'^c^'i:7t^'T^Z.^^M±"'^ 


one  set  of  cams.    This  gear, 


Cut-off  and  Reverses  the  Engine. 


belonging  to  a  hoisting  engine,  has  the  sleeve  shifted  endwise  by 
hand;  but  in  non-reversible  engines  the  sleeve  can  be  moved  by  a 
governor. 

§  6o.  Valve-gears  for  Engines  which  have  no  Crank-shaft. 

(a)  The  Duplex  Steam-pump. — As  to  its  valve-gear,  this  is  the 
simplest  engine  that  can  be  found  under  the  above  general  title, 
because  the  valves  are  moved  directly  by  the  pistons,  through  the 
medium  of  plain  oscillating  levers  which  merely  reduce  the  move- 
ment without  changing  its  character:  but  to  make  this  scheme 
work  successfully,  it  is  necessary  to  have  each  piston  move  the 
valve  that  controls  the  other  cylinder.  It  will  be  noted  from  Fig. 
514,  and  can  be  seen  on  Fig.  226,  that  one  of  the  levers  gives  a 
direct  movement  to  the  valve,  the  other  reverses  the  piston- 
motion — the  two  being  proportioned  so  as  to  give  the  same  ratio 
of  reduction.  That  this  is  necessary  can  be  most  easily  understood 
by  a  simple  analysis  of  the  movements. 

In  Fig.  515,  A  marks  the  right  side,  B  the  left  side.  For  position 
I.,  with  piston  A  just  reversing  at  left  end  of  stroke,  valve  B 
(driven  by  arm  A)  is  likewise  at  the  left,  port  B  is  wide  open  at 
the  right  end,  and  piston  B  is  moving  from  right  to  left;  but  in 
order  that  piston  A  shall  presently  move  to  the  right,  valve  A 
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must  move  to  the  right  ahead  of  it,  wherefore  valve  A  must  have 
a  movement  opposite  to  that  of  piston  B.    Following  through  the 

m. 


9     ^ 

Fig.  515. — Valve-movement  in  the  Duplex  Pump. 

other  three  critical  positions,  and  noting  the  directions  of  move- 
ment as  indicated  by  arrows,  we  see  that  piston  A  leads,  reaching 
any  position  half  a  stroke  (one-quarter  of  the  cycle)  ahead  of  B. 

Although  moved  by  the  pistons,  the  valves  are  not  closely 
driven,  but  there  is  always  some  lost  motion  between  the  rock- 
levers  and  the  valves.  In  Fig.  514  this  clearance  or  back-lash  is 
permitted  at  the  nuts  on  the  valve-rod,  on  each  side  of  the  valve; 
on  larger  pumps,  as  in  Fig.  226,  the  same  effect,  with  easier  access, 
is  provided  for  at  the  outer  end  of  the  rod.  With  positive  con- 
nection, the  valves  would  move  too  soon,  so  that  the  pistons  could 
not  make  full-length  strokes.  Valve-setting  in  a  pump  like  this 
consists  in  putting  the  pistons  at  mid-stroke  and  the  valves  in 
mid-position,  and  then  making  the  rod-clearances  the  same  on 
both  sides;  minor  adjustments  may  be  found  necessary  after  the 
pump  is  started,  the  object  being  to  secure  equality  in  the  two 
strokes. 

Fig.  514 — with  confirmation  from  examples  that  follow — 
illustrates  the  fact  that  the  st^am-valves  in  engines  of  this  class 
are  made  with  zero  lap.  In 
this  case  we  see  also  the  use  of 
two  ports  at  each  end,  the  outer 
one  for  live  steam,  the  inner 
for  exhaust.  By  thus  having 
the  exhaust-port  open  into  the 
cylinder  at  some  distance  from 
the  head,  a  cushioning  effect  is  secured,  independently  of  the 


Fio.  616.— The  "Dash-relief! 
Valve. 


358 


VALVE^EARS  AND  THEIR  ACTION.         [Chap.  IX. 


valve-action,  which  will  prevent  the  piston  from  striking  the 
cylinder-head.  In  order  that  this  effect  may  be  regulated  at  will 
(because  less  cushioning  is  needed  at  low  than  at  high  speeds), 
pumps  of  the  larger  sizes  have  stroke-r^ulating  or  cushion  valves, 
arranged  somewhat  as  shown  by  the  sketch  in  Fig.  516.  This 
valve  varies  the  size  of  an  opening  through  the  wall  between  the 
two  ports,  permitting  more  or  less  exhaust  through  the  outer  part. 
Opening  this  valve  lengthens  the  stroke,  and  vice  versa. 


Fig.  517. — Valve-gear  of  the  Cameron  Simplex  Pump. 


(6)  Steam-actuated  Valves. — Duplex  steam-pumps  of  all 
makes  follow  closely  the  original  Worthington  design;  but  single 
pumps  show  quite  wide  variations  in  their  valve-arrangement. 
One  typical  example  is  given  in  Fig.  517,  where  the  small  primary 
controlling  valves  4,  4,  are  moved  directly  by  the  piston  as  it 
comes  to  either  end  of  its  stroke.  As  in  every  case,  the  main 
valve  1  is  actuated  by  a  double  plunger  2,  which  is  controlled  by 
variations  of  pressure  in  the  end  spaces  B,  B.  Through  the  end 
of  each  hollow  plunger  is  a  small  opening  A,  for  the  passage  of 
full-pressure  steam  from  the  main  steam-space  S.  At  the  inner 
side  of  each  valve  4  is  a  passage  E'  which  leads  to  the  main  exhaust- 
port  E:  and  these  valves  are  kept  shut  (pushed  in,  toward  the 
cylinder)  by  the  full  steam-chest  pressure,  continually  admitted 
through  the  ports  D,  D.  Suppose  now  that  the  piston,  coming  to 
the  right  end  of  the  stroke,  pushes  out  valve  4;  there  is  an  imme- 
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diate  exhaust  from  the  right  end-space  B,  the  steam  escaping 
much  more  rapidly  than  it  can  get  in  through  A;  the  result  is 
that  2  is  quickly  pushed  toward  the  right,  but  with  a  movement 
that  is  checked  both  by  cushioning  in  front  and  by  a  drop  of  pres- 
sure in  the  left  end-space  B.  Through  the  openings  A,  A,  pressures 
are  soon  equalized,  and  the  plunger  is  held  fast  by  the  friction  of 
the  valve  until  the  piston  gets  to  the  other  end  of  the  cylinder. 
Note  how  far  in  from  the  cylinder-heads  the  openings  of  the  main 
ports  F,  F,  are  placed,  in  order  to  insure  a  strong  cushioning  effect: 
the  small  grooves  G,  G,  are  not  sufficient  to  mar  the  cushion,  but 
make  it  certain  that  the  piston  shall  not  get  stuck  when  just 
clear  of  the  stem  of  valve  4.  The  starting-lever  3  is  worked  by 
an  external  handle,  and  can  be  used  for  moving  the  valve  when 
starting  the  pump  if  it  does  not  move  off  freely  without  help. 
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FiQ.  518. — ^Valve-gear  of  the  Deane  Pump. 

A  majority  of  the  valve-gears  of  this  class  is  represented  by 
Fig.  518,  where  there  is  a  light  auxiliary  slide-valve  3 — in  shape  a 
hollow  rectangle  surrounding  the  main  valve — which  controls 
ports  leading  to  and  from  the  spaces  at  the  ends  of  2.  A  plan 
of  half  the  valve-seat  is  given  at  D,  the  other  half  being  just  the 
same,  but  with  the  small  ports  S  and  E  reversed  end-for-end. 
The  arrangement  of  these  ports  is  diagrammed  at  C,  where  the 
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reason  for  having  a  separate  steam-  and  exhaust-port  for  each 
plunger  is  made  apparent,  in  that  the  steam-port  is  carried  clear 
to  the  end  of  the  chamber,  while  the  exhaust-port  is  kept  in,  so 
as  to  insure  cushioning:  except  for  this,  a  single  pair  of  ports, 
with  an  outlet  to  the  main  exhaust  between  them,  would  be  enough. 
The  valve-rod  4,  moved  by  an  indirect  rocker-arm  through  the 
link  6  (see  view  E),  has  a  rectangular  projection  within  the  valve: 
ordinarily,  this  does  not  quite  touch  slide  2  before  the  latter  moves; 
but  if  the  movement  is  retarded  for  any  reason,  this  projection  will 
start  the  main  valve  by  a  direct  push.  Note  the  large  amount 
of  clearance  between  the  slide-block  5  and  the  tappets  T,  T,  on  the 
rod  4:  as  in  every  gear  of  this  sort,  the  movement  of  the  small 
valve  must  not  take  place  imtil  the  piston  approaches  the  end  of 
its  stroke. 

Besides  several  gears  which  differ  from  this  only  in  secondary 
points,  there  is  one  (the  Knowles)  in  which  the  plunger  2  itself 
acts  as  controlling  valve  also,  being  given  a  slight  rotation  on  its 
axis  by  the  external  gear,  so  as  to  open  and  close  the  small  ports 
to  the  end-spaces  at  the  proper  time. 


ID  Q     '"^i^R  P 

FiQ.  519. — ^Valve-gear  of  the  Westinghouse  Air-brake  Pump. 


(c)  The  Westinghouse  Air-brake  Pump. — A  valve^ear  of  the 
general  type  just  presented,  but  with  a  number  of  special  features, 
is  illustrated  in  Kg.  519.    The  pump  is  always  vertical,  and  the 
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whole  valve-gear  is  carried  upon  the  top  cylinder-head,  so  that 
the  controlling-valve  6  can  be  moved  by  the  light  rod  9  and  is 
given  a  slight  movement  as  the  piston  nears  each  end  of  the  stroke. 
The  several  ports,  T  for  the  top  end,  L  for  the  bottom  end,  and 
E  for  exhaust,  are  carried  through  the  head-casting  and  down 
the  side  of  the  cylinder  as  necessary. 

The  lengthwise  section,  view  A,  shows  the  main  valve  1  and 
the  controlling  slide,  with  two  unequal  pistons  2  and  3.  By  the 
action  of  the  secondary  valve  6,  steam  is  alternately  admitted 
to  and  exhausted  from  the  space  at  the  right  of  piston  3;  the  space 
at  the  left  of  2  is  always  open  to  the  exhaust,  through  the  small 
passage  K,  shown  in  view  D  and  partly  indicated  on  C.  The 
diameters  are  in  such  a  ratio  that  the  area  of  piston  2  is 
one-half  that  of  3,  which  gives  the  same  driving-force  in  both 
directions. 

The  arrangement  of  the  small  ports  from  valve  6  can  best  be 
seen  on  the  outside  view  of  the  main  valve-bushing,  at  C:  H  is  the 
steam-port,  carried  nearly  to  the  end  of  the  casing,  and  on  the 
inside  extended  by  a  notch,  as  shown  at  D;  G  is  the  exhaust-port, 
stopped  short  so  as  to  insure  cushioning,  after  the  usual  manner; 
and  F  is  a  small  passage  leading  to  the  main  exhaust.  Valve  6, 
rounded  to  fit  bushing  7,  is  in  effect  a  common  slide-valve  (not 
balanced),  and  is  surrounded  by  steam  of  full  pressure.  Raising 
this  valve  (as  in  the  drawing)  admits  steam  back  of  piston  3, 
pushes  valve  1  to  the  left,  opens  the  main  port  T,  and  drives  the 
engine-piston  down:  lowering  valve  6  shuts  off  steam  from  port 
H  and  connects  G  to  F,  whereupon  the  excess  of  internal  pressure 
upon  3  moves  the  slide  to  the  right,  and  prepares  for  the  up- 
stroke of  the  main  piston. 

(d)  Indicator  Diagrams  from  Steam-pumps. — ^The  duplex 
pump  gives,  when  working  properly,  a  steam-diagram  that  is 
almost  a  perfect  rectangle,  corresponding  in  general  shape  with 
the  rectangular  diagram  that  can  be  taken  from  the  water  end. 
The  example  at  I.  in  Fig.  520  is  from  a  compound  pump,  similar 
to  Fig.  226.  to  find  the  driving-force,  the  effective  pressures  would 
have  to  be  reduced  and  combined  as  in  Fig.  144.  Since  the  mass 
of  the  moving  parts  is  insignificant,  it  is  essential  that  the  driving 
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steam-force  shall  always  keep  close  to  the  resisting  water-force, 
if  the  motion  is  to  be  smooth. 


Fia.  520. — ^Indicator  Diagrams  from  Steam-pumps. 

The  remaining  diagrams  in  Fig.  520  are  from  single  pumps; 
and  in  all  of  them  is  shown  a  peculiar  action  due  to  the  inertia 
of  a  long  colunm  of  water  in  the  dischaige-pipe.  While  the  pump 
is  pausing,  at  the  end  of  the  stroke,  the  water  keeps  on  moving, 
and  gets  away  from  the  water-plunger,  at  least  to  the  extent  of 
greatly  decreasing  the  reaction  upon  this  plunger;  then  when 
steam  is  admitted,  the  piston  gives  a  little  jump  until  checked 
by  the  water.  As  soon  as  it  is  thus  checked,  the  entering  steam 
has  a  chance  to  rise  to  full  pressure  and  the  escaping  steam  to  fall 
to  (or  toward)  exhaust  pressure,  and  the  real  working  stroke 
begins.  This  action  is  most  marked  in  IV.,  where,  at  the  right 
end,  the  forward  pressure  (dotted)  is  at  first  less  than  the  back- 
pressure, making  it  look  as  if  the  plunger  was,  through  a  short 
distance,  dragged  or  sucked  after  the  water.  Examination  of 
any  of  these  diagrams  shows  that  after  the  full  driving-force  is 
established,  it  remains  nearly  constant  throughout  the  stroke. 
The  peculiar  exhaust-lines  in  III.  are  due  to  the  fact  that  the 
«xhaust-pipe  of  this  mine-pump  discharges  into  the  water  of  the 
^'sump  "  or  suction-pit. 

With  these  water-velocity  effects  minimized,  the  single  pump 
tends  to  give  a  simple  rectangular  steam-diagram.    It  must  be 
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understood  that  the  air-chamber  on  the  dischaige-pipe  has  a  laige 
share  in  the  hydraulic  force-action  above  described. 
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Fia.  521. — Pressure  Diagrams  from  the  Air-brake  Pump. 

When  the  resistance  is  not  constant,  but  increases  along  the 
stroke,  the  steamniiagram  takes  the  peculiar  form  shown  in  Fig. 
521,  where  I.  and  II.  are  corresponding  diagrams  from  steam-end 
and  air-end,  brought  to  the  same  scale  of  pressures.  Considering 
simultaneous  lines  of  forward-pressure  and  back-pressure  in  I., 
we  see  that  a  small  driving-force  at  first  is  secured  chiefly  by 
throttling  the  exhaust;  instead  of  taking  place  while  the  piston 
is  at  or  near  the  end  of  its  stroke,  the  release  (with  drop  in  pressure) 
is  distributed  along  a  good  part  of  the  return-stroke.  As  the  air- 
resistance  increases,  the  piston,  which  started  off  rapidly,  slows 
down;  and  during  the  expulsion  of  the  compressed  air  the  two 
steam-pressures  are  nearly  constant  at  their  maximum  and  mini- 
mum values.  Diagrams  of  effective  driving-force  and  effective 
resistance  are  plotted  at  III.  and  IV.,  from  I.  and  II.  respectively, 
to  show  how  very  closely  the  two  force-actions  agree,  there  being 
between  them  only  the  small  differences  needed  to  accelerate  the 
pistons. 

This  action  is  characteristic  also  of  the  low-pressure  compressors 
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used  as  "air-pumps"  on  condensers.  An  essential  point  in  the 
proportioning  of  the  valve-gear  is  the  use  of  very  small  ports.  In 
Fig.  519,  for  instance,  with  a  piston  9J"  in  diameter,  the  port- 
openings  through  the  valve-bushing  are  only  |"  by  IJ";  or  the 
ratio  of  port-area  to  piston-area  is  about  1  to  130,  as  against 
perhaps  1  to  10  in  an  ordinary  engine.  It  need  hardly  be  remarked 
that  such  conditions  of  working  as  are  shown  in  Fig.  521  do  not 
tend  toward  economy  of  steam. 


Fta.  522.— Valve-gear  of  Bement  and 
Miles  Steam-hammer. 


Fig.  623. — Steam-hammer  Valve- 
gear  with  Oscillating  Lever. 


{e)  Valve-gears  for  Steaai-hammers.  —  In  this  type  of 
machine,  with  a  very  heavy  reciprocating  mass,  it  is  entirely 
possible  to  drive  the  valve  from  the  main  piston:  but  with  the 
automatic  movement  is  combined  an  element  of  hand-control, 
which  is  in  more  or  less  continual  use  during  the  operation  of  the 
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hammer.  In  Fig.  522;  for  instance,  the  hammer-head  1  carries 
an  inclined  slide-bar  2,  which  acts  upon  the  cam  arm  of  the  bell- 
crank  rocker  3,  so  as  to  oscillate  this  rocker  as  the  hammer  moves 
up  and  down.  Through  the  rod  4  and  rocker  6  (rod  4  takes  hold 
of  an  arm  on  6)  the  valve  is  given  a  considerable  movement,  but 
not  enough  for  full-stroke  working  of  the  hammer.  To  get  a 
piston-movement  of  variable  length  and  intensity,  hand-control 
through  the  lever  5  is  added:  this  lever  is  pivoted  on  the  frame 
at  B,  and  carries  at  A  the  pivot  of  rocker  3.  Simply  to  change 
the  fixed  position  of  5  has  the  effect  of  changing  the  length  of  the 
valve-rod,  raising  or  lowering  the  mid-position  of  the  valve. 
Moving  5  with  each  blow  supplements  the  automatic  component 
of  the  valve-movement.  It  can  easily  be  seen  that  raising  the 
handle  will  lift  the  hammer  and  vice  versa.  In  the  figure,  every- 
thing is  drawn  in  mid-position.  The  valve  must  have  some  lap, 
not  be  made  like  the  pump-valves  just  discussed;  but  this  figure 
is  only  a  sketch,  intended  to  show  form  rather  than  proportions. 

It  is  obvious  that  a  machine  of  this  class  will  be  subjected  to 
severe  shocks,  so  that  as  little  as  possible  of  the  valve-gear  should 
be  fastened  to  the  hammer.  Some  designs,  however,  have  an 
oscillating  lever  jointed  at  one  end  to  the  hammer-head,  as  in 
Fig.  523.  In  this  case  the  valve,  actuated  by  arm  6,  is  a  D  valve 
in  effect  but  oscillates  on  a  curved  seat.  Both  the  hammers 
here  shown  are  double-acting,  receiving  steam  on  the  top  of  the 
piston  to  increase  the  force  of  the  blow:  but  many  large  machines 
use  the  steam  for  lifting  only.  Always,  the  operator  has  one 
hand  on  the  main-valve  lever,  the  other  on  the  throttle-valve, 
so  as  to  regulate  the  supply  of  steam  as  well  as  the  working  of 
the  engine-valve. 

(/)  The  Self-centering  Valve-gear. — In  certain  regulating 
or  controlling  devices,  such  as  reversing-gears  for  large  engines 
and  the  like,  it  is  desired  that  the  piston  shall  follow  a  primary 
controlling  lever,  coming  to  rest  at  a  point  in  its  stroke  similar 
to  the  position  of  this  lever  on  its  range  of  movement.  Several 
devices  of  this  sort  are  illustrated  and  described  in  §  65.  Briefly 
stated,  the  principle  of  these  gears  is  as  follows: 

The  slide-valve  is  normally  at  mid-position,  the  piston  being 
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at  rest.  To  move  the  piston,  the  valve  is  drawn  to  one  side  by 
moving  the  control-lever;  but  as  the  piston  advances  it  operates 
a  secondary  mechanism  which  brings  the  valve  back  to  mid- 
position.  The  farther  the  hand-lever  is  displaced,  the  farther 
must  the  piston  move  in  order  to  center  the  valve  and  again  bring 
itself  to  rest. 


CHAPTER  X. 
GOVERNORS  OR  REGULATORS. 

§  6i.  Types  of  Rotary  Governors. 

(a)  General  Classification.  —  The  two  common  types  of 
speed-regulators  have  already  been  described  as  to  general  form 
and  operation,  the  fly-ball  governor  in  §  56,  the  shaft-governor  in 
§§2  and  48.  The  essential  difference  is,  that  in  the  first  type 
the  governor-mechanism  has  its  working  movement  in  a  plane 
that  passes  through  the  axis  of  rotation  and  turns  about  that  axis; 
while  in  the  second  type  the  mechanism  works  in  the  plane  of 
rotation,  this  plane  being  perpendicular  to  the  axis  of  the  shaft. 
Then  the  fly-ball  governor  is  operated  wholly  by  centrifugal  force, 
because  the  inertia-forces  due  to  a  change  in  the  speed  of  rotation, 
being  perpendicular  to  the  plane  of  the  mechanism,  can  have  no 
component  to  influence  the  movement  of  the  latter;  but  in  the 
shaft  governor  this  kind  of  inertia  may  play  an  important  part. 
Differences  in  the  way  that  the  governor  takes  hold  of  and  controls 
the  valve-gear  are  of  less  importance  than  might  at  first  sight 
appear. 

(b)  Functions  op  the  Governor. — ^These  can  be  most  clearly 
set  forth  by  stating  that  in  the  study  of  the  action  of  the  governor 
two  main  questions  are  to  be  considered.  The  first  is  the  question 
of  "r^ulation  ",  or  of  the  manner  in  which  the  speed  in  steady 
running  varies  with  the  load;  the  second  is  concerned  with 
"adjustment",  or  with  the  behavior  of  the  governor  while  in  the 
act  of  accommodating  the  engine  to  a  change  of  load:  involved 
in  both,  and  by  no  means  of  subsidiary  importance,  is  the  question 
whether  the  governor  will  hold  steadily  the  position  corresponding 
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to  a  constant  load,  without  yielding  unduly  to  the  action  of 
secondary  disturbing  forces.  By  "close  r^ulation"  is  meant 
that  the  whole  range  of  load  is  covered  with  only  a  small  change 
in  speed — this  change  being  normally  a  decrease  as  the  load 
increases.  An  ideal  governor,  while  steady  under  constant  load, 
would  respond  at  once  to  any  change  in  the  main  controlling 
forces,  following  the  load  to  the  new  position  of  equilibrium  and 
stopping  there,  without  superfluous  movement  on  its  own  accoimt. 
It  is  desirable  that  the  actual  governor  shall  regulate  as  closely 
as  is  consistent  with  steadiness,  and  shall  adjust  quickly  and 
positively;  but  generalizations  as  to  realized  or  possible  per- 
formance will  be  deferred  until  we  have  made  a  pretty  close 
analysis  of  several  typical  governors. 


Fig.  525. — ^Types  of  the  Fly-ball  Governor:  I.  Gommon  Low-epeed  Governor; 
II.  High-speed  Governor,  Weight-loaded;  III.  The  Proell  Type. 

(c)  Various  Forms  op  the  Fly-ball  Governor. — ^Three 
typical  desiQ;ns  are  outlined  in  Fig.  525,  all  weight-loaded,  or  with 
gravity  as  the  force  that  acts  against  the  centrifugal  force  of  the 
balls.  The  first  corresponds  with  Fig.  461  and  is  of  the  slow- 
running,  self-balanced  t>T)e,  the  weight  on  the  central  slide  being 
small  in  comparison  with  that  of  the  balls  themselves.  At  II. 
is  seen  the  hio^h-speed  governor,  as  in  Fig.  489  and  on  Figs.  209, 
212,  213;  this  governor  is  given  a  high  rotary  speed,  and  most  of 
the  counterforce  is  furnished  by  the  central  weight.  Type  III. 
is  much  used  by  German  builders;  the  effect  of  thus  placing  the 
ball  on  another  link  of  the  mechanism  will  be  discussed  farther 
on.  Sometimes  fly-ball  governors  are  loaded  by  means  of  springs 
instead  of  weights,  or  to  supplement  the  weights,  especially  in  the 
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smaller  types  used  on  throttling  engines;  with  full  spring-loading 
the  rotation-axis  can  be  placed  horizontal  if  more  convenient. 

(d)  Force-action  in  the  Shaft-governor. — ^The  very  simple 
set  of  forces  in  the  fly-ball  governor  is  graphically  represented  on 
Fig.  525  I.:  in  steady  running  there  is  equilibrium;  in  adjustment 
the  centrifugal  force  changes,  and  the  difference  between  its  actual 
value  at  any  instant  and  that  required  to  balance  the  weights  is 
the  free  force  which  is  available  to  move  the  governor.  The 
analogous  forces  in  the  shaft-governor  are  shown  on  Fig.  526  I., 
where  the  weight-arm  AG  is  pivoted  at  A  and  rotates  about  the 
shaft-center  O,  and  the  spring-force  S  takes  the  place  of  weight- 
force.    For   this   piece    alone,    the    condition   of    equilibrium   is 


B6-h 
AG-r 
GM-lc 
AM-JC 


Fig.  526. — Force-action  in  the  Shaft-governor. 

FXAB=SXAC.  While  the  speed  of  the  shaft  is  changing  on 
account  of  changing  load,  the  unbalanced  part  of  the  centrifugal 
force  is  supplemented  by  the  inertia-action  represented  at  II. 
The  wheel  receiving  the  angular  acceleration  (w,  the  center  of  mass 
G  receives  the  linear  acceleration  OGXcOy  and  the  mass  M  develops 
the  inertia-force  I==MRaj,  which  acts  with  the  lever-arm  BG  to 
turn  AG  about  A.  At  the  same  time  the  body  AG  lias  an  angular 
acceleration  (considered  as  about  its  center  G),  which  is  resisted 
by  the  moment  of  inertia  Mk^ojj  k  being,  as  usual,  the  principal 
polar  radius  of  gyration.  In  this  figure  the  weight-arm  is  so 
placed  that  both  inertia-effects  act  with  the  centrifugal  force  to 
hasten  the  movement  of  the  governor. 
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Fig.  627. — Diametral  Symmetry. 


(e)  Various  Forms  op  the  Shaft-governor. — For  the  large 
number  of  governors  of  this  type  that  have  been  brought  out,  the 

best  basis  .of  classification  is 
found  in  their  arrangement  with 
respect  to  the  action  of  gravity 
and  of  inertia.  The  type  show- 
ing the  least  departure  from 
the  fly-ball  governor  is  repre- 
sented by  Fig.  527,  where  the 
weight-arms  are  pivoted  on 
opposite  sides  of  a  diameter^ 
and  the  main  mechanism  (which 
consists  of  the  frame  1  and  the 
moving  pieces  2  to  6)  is  formed 
so  as  to  give  the  arms  2  and  3 
symmetrical  movements.  By 
this  arrangement  weights  and  inertia-forces  are  completely 
balanced  and  neutralized,  except  as  r^ards  the  comparatively 
insignificant  actions  on  pieces  6  and  8;  so  that  we  have  here  a 
purely  centrifugal  governor.  In  four  or  five  designs  of  this  type, 
now  mostly  obsolete,  the  essential  variety  is  found  in  the  part 
of  the  mechanism  that  is  directly  concerned  with  moving  the 
eccentric-pendulum;  and  this  remark  applies  equally  to  the  class 
that  follows. 

The  larger  class  among  the  older  designs  is  represented  by 
Figs.  528  and  529.  The  essential  feature  is  that  the  weight-arms 
are  pivoted  on  a  diameter  and  are  connected  in  such  a  manner 
that  their  movements  are  nearly,  if  not  quite,  symmetrical  with 
respect  to  the  shaft-center.  They  are  therefore  balanced  as  to 
gravity,  but  the  inertia-effects  do  not  neutralize  each  other.  The 
linear  inertia-forces  are  drawn  on  both  figures  for  the  inner  and 
the  outejr  positions  of  the  weights.  In  the  Buckeye  governor 
these  force-lines  pass  so  close  to  the  pivots  that  the  effective 
turning-moments  are  small,  and  these  moments  change  from 
positive  to  n^ative  as  the  weights  swing  out;  in  the  Westinghouse 
design  the  positive  effects  are  greater;  but  in  both  cases,  as  generally 
in  related  designs,  the  torque  due  to  the  angular  inertia  is  n^ative. 
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These  are  to  be  classed,  then,  as  predominantly  centrifugal  gov- 
ernors, with  a  secondary  inertia-action  that  more  often  hinders 
than  helps  the  adjustment. 


Fig.  528. — Buckeye  Governor. 


Fig.  529. — Westinghouse  Governor. 


Essentially  of  the  same  type  is  the  single-weight  Sweet  governor 
already  shown  in  Figs.  2  and  349,  and  skeletonized  in  Fig.  539. 
By  putting  sufficient  weight  on  the  eccentric-pendulum  (see  Fig.  2 
especially),  this  governor  can  be  given  almost  a  perfect  gravity- 
balance.     Its  action  is  fully  discussed  in  §  63  (c)  to  (/). 

We  come  now  to  the  so-called  inertia  governors,  which  have 
to  a  considerable  degree  superseded  the  centrifugal  type.  These 
regulate  through  centrifugal  force,  but  depend  very  much  upon 
inertia  for  accurate  adjustment  and  for  steadiness.  Contrasting 
designs  are  showTi  in  Figs.  530  and  531.  In  the  first,  centrifugal 
action  is  as  large,  relatively  speaking,  as  in  purely  centrifugal 
governors;  but  to  it  is  added  a  powerful  inertia-effect,  which  is 
almost  wholly  of  the  linear  type.  In  the  single-piece  Rites  governor 
the  centrifugal  force-action  is  comparatively  small,  and  linear 
inertia  has  little  effect  because  the  center  of  mass  G  is  so  near  to 
the  pivot  P;  but  the  moment  of  angular  inertia  is  very  large  and 
exerts  a  powerful  influence.  The  Rites  governor  is  now  used, 
under  license  of  course,  by  probably  a  majority  of  the  builders 
oi  highnspeed  engines,  examples  being  given  in  Figs.  202,  205,  and 
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207.  A  governor  closely  analogous  in  the  predominant  use  of 
angular  inertia  is  to  be  seen  on  Fig.  201,  and  another  of  similar 
general  form  is  used  on  Figs.  206  and  215.  Except  on  double- 
valve  engines  like  Figs.  203,  216,  and  217,  the  purely  centrifugal 
shaft-governor  has  almost  gone  out  of  use.    It  will  be  noted  that 


qjllll     II 
Fig.  530. — Robb-Armstrong  Governor. 


Fio.  531. — Rites  Governor. 


neither  of  the  governors  just  shown  is  balanced  as  to  weight — the 
gravity  forces  being  relatively  so  small  in  effect  that  this  is  not 
found  to  be  necessary. 

§  62.  Special  Principles  and  Methods. 

As  a  preliminary  to  the  analysis  and  discussion  of  the  action  of 
several  representative  governors,  it  will  be  necessary  to  set  forth 
certain  general  principles  of  kinematics  and  of  dynamics  which  find 
particular  application  in  this  line  of  work,  and  to  develop  from 
them  methods  of  procedure,  largely  graphical,  which  will  greatly 
facilitate  the  determinations  to  be  made. 

(a)  Reductign  of  Force  from  One  Piece  to  Another. — In 
order  to  be  able  to  transfer  the  force-action  on  one  piece  of  a 
mechanism  to  another  piece,  so  as  most  easily  to  get  a  combined 
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or  resultant  effect;  we  shall  make  free  use  of  the  principle  that 
a  force  doing  work  at  a  certain  rate  upon  one  piece  or  at  one  point 
in  a  mechanism  may  be  replaced  by  another  force  doing  work  at  the 
same  rate  upon  another  piece  or  at  another  moving  point ;  the  measure 
of  work-rate  being  the  product  of  the  intensity  of  the  force  by  its 
virtual  velocity.  By  virtual  velocity  is  meant  the  component 
of  the  total  velocity  (of  the  point  of  force-application)  taken  along 
the  force-line,  any  other  component  being  at  right-angles  to  this 
line  of  action.  Thus  to  reason  by  velocity-relations  is  simpler  and 
more  convenient,  for  present  purposes,  than  to  use  the  methods  of 
graphic  statics,  and  leads  to  identical  results.  It  is  therefore 
highly  important  to  have  an  easy  way  of  finding  the  relative 
velocity  of  any  two  moving  pieces;  and  an  extension  of  the  idea 
of  the  instantaneous  center  meets  this  need  in  a  most  satisfactory 
manner. 

(6)  Relative  Instantaneous  Centers. — In  the  discussion 
of  the  main  engine-mechanism  (refer  to  Fig.  112),  we  saw  that  the 
connecting-rod  could  be  considered  as  turning  for  the  instant 
about  a  point  P  which  was  located  by  the  intersection  of  lines 
perpendicular  to  the  paths  of  two  points  on  the  rod.  In  the  fly- 
baJl  governor  mechanism,  Fig.  532,  the  analogous  piece  3  has  its 
rotation-center  P  found  in  the  same  way.  Now  this  center  is  to 
be  regarded,  not  so  much  as  a  point  definitely  located  in  space* 
as  a  point  attached  to  the  fixed  piece  1;  so  that  it  is  the  common 
position  of  two  points,  attached  to  1  and  3  respectively,  which 
have  the  same  velocity  (here  zero).  Slightly  broadening  this 
conception — most  naturally,  perhaps,  by  considering  that  any 
'^  link''  of  a  mechanism  can  be  held  fast  as  the  fixed  piece  or  ''frame  " 
without  altering  the  relative  movements  of  the  links — we  come 
to  the  following  general  definition: 

The  instantaneous  center  between  any  two  pieces  of  a  mechanism 
is  the  position  of  common  points  {one  attached  to  each  piece,  or 
defiJiitely  located  on  a  plane  fast  to  each  piece)  which  have  the  same 
velocity f  or  which  are  moving  together  for  the  instant. 

Theorem  of  Three  Centers. — The  usual  kinematic  notation 
consists  in  numbering  the  several  pieces  or  links  and  denoting  the 
relative  centers  by  the   combined   numbers.    In  Fig.   532,   for 
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instance,  we  see  that  the  joints  B  and  C  are  to  be  designated  as 
centers  23  and  34  (read  "two-three", ' 'three-four ")•  The  problem 
now  before  us  is,  to  find  the  common  center  between  the  non- 
adjacent  moving  links  2  and  4:  for  this  we  use  the  theorem  of 
three  centers,  That  any  three  links  of  a  mechanism  must  have  their 
three  relative  instantaneotis  cerUers  on  a  straight  line. 

This  fundamental  idea  is  illustrated  in  Fig.  533,  where  we  may 
consider  links  1  and  3  as  turning  on  link  2  at  12  and  23:   then 


Fig.  532. — ^Instantaneous  Centers  in      Fig.  633. — ^The  Theorem  of  Three 
the  Governor  Mechanism.  Centers. 

any  point  on  1  will  have  its  velocity  perpendicular  to  the  radius 
from  12,  any  point  on  3  to  the  radius  from  23;  and  points  with  the 
same  velocity  can  be  got  only  by  putting  the  two  radii  on  the 
same  line,  which  must  be  the  line  12-23.  In  general,  the  center 
13  can  be  anywhere  on  this  line,  the  two  links  which  it  connects 
having  opposite  directions  of  rotation  when  13  lies  between  12 
and  23,  the  same  direction  when  13  is  beyond  either  of  these 
primary  centers. 

Turning  again  to  Fig.  532,  and  considering  the  three  links 
2,  3,  and  4,  we  have  that  24  must  lie  on  the  line  23-34;  considering 
1,  2,  and  4,  that  it  must  lie  on  12-14;  wherefore  the  intersection 
of  these  two  lines  determines  the  actual  center.  Since  piece  4 
slides  on  a  straight  line  (an  arc  of  infinite  radius),  its  center  14 
is  at  an  infinite  distance  from  the  line  AD,  and  any  perpendicular 
from  AD  is  a  radius  to  14.  Note  further  that  the  center  13  is  at 
the  intersection  of  12-23  and  34-14. 
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(c)  Relative  Velocity  and  Reduction  of  Force. — ^To  see 
how  the  preoediDg  principleB  are  applied,  consider  first  Fig.  534^ 


Fig.  534. — Reducing  all  the  Forces  to  the  Slide,  in  a  Fly-ball  Governor. 

which  in  its  general  proportions  is  taken  directly  from  the  governor 
in  Fig.  461.  On  piece  2  act  the  centrifugal  force  F,  and  the  gravity 
force  1^2,'  on  piece  3  act  F,  and  TFj.  It  is  most  convenient  to 
reduce  all  the  force-actions  to  the  slide  4,  partly  because  that 
piece  has  a  very  simple  movement,  chiefly  because  this  movement 
is  directly  utilized  for  the  control  of  the  cut-off.  With  the  pos- 
sibility of  turning  about  the  center  12,  link  2  is  subjected  to  the 
two  turning-moments 

+FA,  -W,q,. 

Having  a  point  of  common  velocity  determined  at  24,  and  with 
the  further  fact  that  in  this  case  all  points  on  4  have  the  same  move- 
ment we  need  only  replace  Fj  or  W^  at  G2  by  an  equivalent  force 
at  24,  perpendicular  to  the  lever-arm  02,  to  get  the  reduced  effect 
on  4;  which  force  can  then  be  transferred  to  any  desired  combina- 
tion-point, as  34.    These  reduced  forces  in  Fig.  534  have  the  values 


F^n^F^h        W,^^WA 


(331) 
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and  are  laid  off  at  34,  in  combination  with  the  similar  reduced 
forces  from  3, 

The  resultant  of  the  forces  from  pieces  2  and  3  must  balance  the 
slide-weight  W^, 

It  appears  therefore  that  the  dimensions  to  be  taken  from  the 
layout  of  a  governor  of  this  type  for  any  link  n  are  as  follows: 

Tn  =  radius  from  the  rotation-axis,  which  is  a  factor  in  the 
centrifugal  force; 

An  =  lever-arm  of  the  centrifugal  force,  measuring  its 
tendency  to  turn  the  piece  about  the  center  In; 

Qn  =  lever-arm  of  weight  about  center  In; 

an  =  radius  to  which  the  forces  are  to  be  reduced  in  prepara- 
tion for  their  transfer  to  the  slide. 

In  the  rather  more  general  case,  represented  by  Fig.  535, 
where  reduction  is  to  be  made  to  the  point  E  on  a  link  4  that 
turns,  the  procedure  for  any  other  link  2  is  as  follows: 

Find  the  common  center  24  and  measure  the  radii  12-24= a, 
and  14-24 =a^;  then  if  ^j  and  d^  be  simultaneous  angular  velocities 

of    links   2    and    4    about    their 
centers  12  and  14,  the   common 
linear  velocity  at  24  is 
V34 = 02^2=  ^4^4  f    whence 


6^^04^14-24 
6^    02  ~  12-24* 


(332) 


Now  the  virtual  velocity  of    F, 
is  v^^OJi^,  and  that  of 
3>^=0Ji^]  wherefore 


2R 


IS 


Fig.  535. — Force-reduction  to  a 
Link  that  turns. 


or 


(333) 


Another  way  of  finding  relative  velocities,  less  general  in  its 
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applicability  but  sometimes  of  greater  convenience,  is  used  in 
connection  with  Fig.  539. 

(d)  Concentration  and  Reduction  of  Mass. — By  the  method 
just  developed  all  the  forces  which  act  in  the  governor  can  be 
reduced  to  a  chosen  reference-point  and  there  combined.  To  find 
the  effect  of  their  resultant  in  producing  movement  of  the  governor, 
we  must  know  the  other  factor  in  dynamic  action,  or  the  mass 
that  is  to  be  accelerated — this  mass  being  all  reduced  to  the  same 
point  as  the  forces.  The  obvious  method  of  procedure  would  be, 
to  find  the  resistance  which  the  actual  mass  of  each  piece  offers 
to  acceleration  of  the  mechanism,  and  then  to  replace  this  actual 
mass  by  one  of  equivalent  effect  concentrated  at  the  point  of 
reduction.  But  the  direct  determination  of  acceleration,  whether 
independent  or  relative,  is  usually  a  difficult  and  tedious  process; 
and  it  is  far  easier  to  work  from  the  general  principle  that  the 
mass-relations  in  kinetic  energy  are  the  same  as  in  acceleration 
or  inertia.  A  rigorous  and  complete  proof  of  this  principle  belongs 
to  Mechanics;  for  present  purposes  it  is  enough  to  call  attention 
to  the  fact  that  kinetic  energy  is  the  result  of  overcoming  inertia, 
implying  that  the  same  mass  is  involved  in  both  cases;  and  then 
to  pass  at  once  to  the  practical  proposition  that  if  we  can  find 
the  kinetic  energy  of  the  actual  machine-piece  in  any  movement, 
its  mass  can  be  replaced  by  one  which  will  have  the  same  energy 
at  the  reduction-point.  This  brings  the  kinematic  problem  to  a 
simple  matter  of  relative  velocities. 

First,  as  to  the  primary  kinetic  energy  of  the  body,  we  get  at 
this  by  resolving  the  motion  into  a  linear  velocity  of  the  center 
of  mass  and  an  angular  velocity  of.  turning  about  this  center. 
If  the  body,  as  piece  2  in  Fig.  536,  is  turning  on  the  instantaneous 
center  12  at  the  rate  0,  the  linear  velocity  of  the  mass-center  Mj, 
at  the  distance  12'M^=R,  will  be  v=0R;  and  the  linear  energy 
will  be 

Ej,^l/2  Mv^  =  1/2  MO^R^ (334) 

For  angular  movement  on  the  center  of  mass — compare  §  36  (6) — 
the  kinetic  energy  is 

Ej,^l/2Me^k\ (335) 
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where  k  is  the  radius  of  gyration^  and  0  must  have  the  same  value 
as  in  (334)  when  simultaneous  component-motions  are  considered. 
Then  for  the  total  energy  we  have 


E ^1/2  M0\R^-hk^). 


(336) 


Fig.  536  suggests  that  by  simply  drawing  k  perpendicular  to  i2  at  M 
we  get  at  Mc  a  point  where  the  whole  mass  may  be  concentrated 


Fig.  636. — Mass-relations  in  the  Fly-ball  Governor. 

for  simple  linear  velocity  due  to  turning  about  the  instantaneous 
center,  because  K^=R^-\-k^. 

Now  for  the  simple  governor  of  Figs.  534  and  536,  where,  in 
effect,  the  mass  must  merely  be  transferred  to  another  point  on 
its  own  piece,  we  have  the  relations 


or 


M,^=M,{^y;        ilf,R  =Mj^y.     .    .     (337) 


I  63  (a)]  FORCES  IN  FLY-BALL  GOVERNOR.  379 

For  the  more  general  case  illustrated  in  Fig.  535, 

§  63.  The  Problem  of  Regulation. 

(a)  FoRCE-AcnoNS  in  a  Fly-ball  Governor. — We  shall  now 
determine  the  behavior  in  steady  running  of  the  fly-ball  governor 
shown  at  Fig.  461,  which  is  reproduced  in  Fig.  537  and  has  already 
been  diagrammed  in  Figs.  534  and  536.  The  weights  of  the 
several  parts  are: 

Trj= total  weight  of  arm  2  =56.87  lbs.; 

W,= weight  of  link  3  =0.97  lb.; 

TF^^ total  effective  weight  on  slide  4  =38.0  to  66.6  lbs., 

including  all  suspended  parts,  and  varying  with  the 

location  of  the  counterpoise  on  its  arm  (see  Fig.  461). 

For  one  side  of  the  governor,  as  in  Fig.  537,  we  use 

half  of  this  weight. 

The  movement  of  the  weight-arm  2  is  divided  into  four  equal 
parts,  from  position  2  to  6,  and  the  determination  is  carried  one 
space  beyond  this  range  at  each  end.  The  measurements  taken 
from  the  diagram  of  the  governor,  as  defined  on  page  376,  are 
given  in  Table  63  A,  all  in  inches.  Of  the  two  mass-points  marked 
by  blacked  circles  on  each  piece,  the  inner  is  the  true  center  of 
mass,  the  outer  is  the  center  for  the  effective  centrifugal  force.  A 
discussion  of  the  fact  that  the  true  effect  of  centrifugal  force,  in 
a  fly-ball  governor,  cannot  be  got  by  taking  this  force  as  at  the 
center  of  mass  or  of  gravity,  together  with  a  suggestion  of  methods 
for  finding  the  proper  point  of  mass-concentration,  will  be  found 
in  the  appendix  to  this  chapter,  page  435.  Here  the  weight  of 
piece  2  acts  at  the  inner  point,  but  the  centrifugal  force  is  to  be 
calculated  as  if  the  whole  mass  were  at  the  outer  point,  with  an 
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increase  of  about  3  per  cent,  in  its  effect;  for  piece  3  the  change 
is  relatively  greater. 

24 


Fig.  637. — Analysis  of  the  Governor  in  Fig.  461.     Scale  1  to  6. 


Table  63  A.     Measurements  from  Fig 

537. 

For  Arm  2. 

For  Link  3. 

Posi- 
tion. 

ra 

hi 

Q2 

^2 

rs 

As 

93 

03 

1 

9.70 

15.75 

9.57 

8.50 

3.50 

3.30 

5.05 

6.46 

2 

10.74 

15.07 

10.58 

9.63 

3.77 

3.14 

5.66 

7.32 

3 

11.73 

14.32 

11.54 

10.77 

4.04 

2.96 

6.21 

8.12 

4 

12.66 

13.50 

12.45 

11.93 

4.30 

2.75 

6.70 

8.85 

5 

13.53 

12.62 

13.31 

13.10 

4.53 

2.52 

7.13 

9.49 

6 

14.34 

11.68 

14.11 

14.29 

'    4.76 

2.26 

7.46 

10.03 

7 

15.09 

10.68 

14.86 

15.50 

4.95 

1 

1.98 

7.68 

10.40 

For  convenience  in  the  final  determination  of  the  balancine 
speed,  we  at  first  calculate  the  centrifugal  forces  for  a  speed  of 
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100  R.P.M.  of  the  governor,  and  reduce  them  to  slide  4.  The 
general  formula,  for  radius  r  in  inches — see  §  35  (6) — is 

W    r  N 

^    '^n'        *=2;r^=0.10472iV;    .    .     .     (339) 

the  angular  velocity  0  being  expressed  in  radians  per  second. 
Making  iV=  100  and  reducing,  we  get  the  general  relation 

F=0.28416  TFr; (340) 

and  with  the  weights  given  above  we  have 

Fj^ie.ier^,'  F3  =  0.276r3 (341) 

From  these  formulas,  with  (331),  we  calculate  the  values  in  Table 
63  B,  all  expressed  in  pounds  or  in  pound-inches  It  may  be 
remarked  that  the  slide-rule  is  very  effective  and  convenient  for 
this  sort  of  work,  and  that  nearly  all  of  the  calculations  given  in 
this  chapter  are  of  the  degree  of  accuracy  secured  by  that  method. 

Table  63  B.    Reduction  of  Centrifugal  Force. 


Arm  2. 

Link  3. 

Posi- 
tion. 

Total. 

F2 

J^,A, 

^:r 

Fz 

F.A3 

P.n 

J^R 

1 

156.8 

2468 

290.7 

0.97 

3.18 

0.49 

291.2 

2 

173.7 

2620 

272.0 

1.04 

3.26 

0.45 

272.5 

3 

189.7 

2719 

252.2 

1.11 

3.30 

0.41 

252.6 

4 

204.5 

2760 

231.6 

1.19 

3.26 

0.37 

232.0 

5 

218.8 

2761 

210.8 

1.25 

3.15 

0.33 

211.1 

6 

231.9 

2706 

189.5 

1.31 

2.96 

0.30 

189.8 

7 

244.0 

2602 

168.0 

1.36 

2.70 

2.26 

168.3 

12  3  4  6  6  7 

Note  how  the  moment  F^  varies;  involving  the  product  r^Aj, 
it  is  greatest  when  the  arm  is  at  45°,  and  decreases  in  either  direction 
from  this  position;  FjA,  varies  in  the  same  general  manner,  but 
piece  3  is  so  light  and  so  near  the  axis  of  rotation  that  its  force- 
effect  is  insignificant. 
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A  similax  set  of  values  for  the  weight-forces  is  given  in  Table 
63  C,  where  each  of  the  last  three  columns  is  the  summation  of 
coliunns  2  and  4  with  the  value  of  W^  at  its  own  head,  and  Cases 
A,  B,  and  C  represent  the  weight-action  for  the  adjustable  poise 
W  (see  Fig.  461)  at  its  inner,  middle,  and  outer  positions  respectively. 

Table  63  C.    Reduction  of  Weights  to  Slide  4. 


Arm  2. 
1^2  =  56.87 

Link  3. 
1^3-0.97 

Total  Weight  PF^  on  Slide  4. 

Posi- 
tion. 

Caae  A. 

CaaeB. 

Case  C. 

TFa^a 

w.^ 

Wj^qs 

^3R 

W,^19.0 

TF4-26.15 

1^4  =  33.3 

1 

544.0 

64.05 

4.90 

0.76 

83.81 

90.96 

98.11 

2 

eoi.5 

62.50 

5.49 

0.75 

82.25 

89.40 

96.55 

3 

656.5 

61.00 

6.02 

0.74 

80.74 

87.89 

95.04 

4 

708.2 

59.32 

6.92 

0.73 

79.05 

86.20 

93.35 

6 

757.5 

57.80 

7.24 

0.73 

77.53 

84.68 

91.83 

6 

•  803.0 

36.20 

7.22 

0.72 

75.92 

83.07 

90.22 

7 

845.0 

54.55 

7.16 

0.72 

74.27 

81.42 

88.57 

(6)  Regulation  by  the  Governor  in  Fig.  537. — Now  the 
speed  of  rotation  N  of  the  governor  must  have  such  a  value,  for 
each  position  and  in  each  case,  that  Fr,  given  for  100  R.P.M.  in 
column  7  of  Table  63  B,  will  be  made  equal  to  TTr  as  given  in 
column  5,  6,  or  7  of  Table  63  C.  Thus  for  position  4,  Case  B,  Fr 
must  have  the  value  86.20  instead  of  232.0,  or  must  be  0.3715  as 
great  as  for  100  R.P.M.  Since  F  varies  as  A^^,  we  take  the  square 
root  of  this  ratio  and  get  the  actual  speed  to  be  60.9  R.P.M.  What 
the  corresponding  engine-speed  will  be  depends  upon  the  relative 
sizes  of  the  pulleys  in  the  belt  drive;  which  are  here  15"  and  20", 
so  that  the  engine  turns  four-thirds  as  fast  as  the  governor. 

The  regulating-action  of  an  engine-governor  is  to  be  judged 
chiefly  by  the  variation  in  its  steady-running  speed,  as  here  set 
forth  in  columns  1,  4,  and  7  of  Table  63  D.  The  same  thing  is 
expressed  in  slightly  different  terms  in  columns  2,  5,  and  8,  where 
each  speed  is  compared  with  that  at  position  4  as  unity.  This 
governor  is  by  no  means  a  close  r^ulator,  the  total  variation  from 
position  2  (resting  on  stop-ring)  to  position  6  (highest  permitted 
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Table  63  D.    REoxn-ATioN  by  Governor  in  Figs.  461,  537. 


Case  A. 

'                Caae  B. 

Caae  C. 

Position. 

N' 

N/N, 

J^R. 

N 

N/N, 

i^R. 

i  N 

N/N, 

'^Rl 

1 

53.6  i0.919 

99.4 

55.8 

0.917 

108.0 

58.0 

0.916 

118.0 

2 

54.8 

0.941 

93.1 

1  57.3 

0.939 

101.1 

59.3 

0.937 

109.5 

3 

56.5 

0.969 

86.2 

58.9 

0.968 

93.7 

61.3 

0.967 

101.5 

4 

5S.3 

1.000 

79.1 

60.9 

1.000 

86.2 

63.4 

1.000 

93.4 

5 

60.6 

1.039 

72.1 

63.3 

1.040 

78.3 

65.9 

1.040 

84.8 

6 

63.2 

1.083 

64.8 

66.1 

1.085 

70.5 

68.8 

1.087 

76.3 

7 

66.4 

1.138 

57.5 

69.5 

1.141 

62.4 

72.5 

1.145 

67.6 

6 


8 


9 


position)  being  14.2,  14.6,  and  15.0  per  cent,  of  the  mean  speed  at 
4  in  the  three  cases.  Note  that  moving  the  poise  merely  changes 
the  absolute  speed,  with  only  a  minute  influence  upon  its  manner 
of  variation.  The  last  column  in  each  group  (3,  6,  9)  shows  the 
value  that  Fr  would  have  if  the  speed  were  kept  constant  at  the 
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Fio.  538.— Curves  of  Regulation  for  Case  B,  Tables  63  C,  63  D. 

value  corresponding  to  position  4,  each  of  these  columns  being 
got  by  multiplying  all  the  values  in  column  7  of  Table  63  B  by 
a  certain  ratio — which  is  0.3715  for  Case  B,  as  shown  above.  By 
comparison  of  these  forces  with  the  resultant  weight-effects  in 
Table  63  C,  we  get  a  primary  measure  of  the  stability  of  the 
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governor.    This  can  be  shown  in  clearest  form  by  curves  such  as 
are  drawn  in  Fig.  538. 

?3 


Fig.  639. — Diagram  of  Armstrong-Sweet  Governor,  for  a  12"  by  12"  Ames 

Engine.* 

In  that  figure,  the  base  is  the  path  of  a  point  on  the  slide  4,  as 
34,  Fio:.  537,  and  the  numbered  ordinates  are  the  positions  of  the 

*  For  the  primary  data  in  this  example  the  writer  is  indebted  to  Profes- 
sor Klein. 
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govemor-gear  for  which  determinations  have  been  made.  The  cmres 
Are  for  Case  B,  and  are  plotted, .  I.  from  col.  6,  Table  63  C;  II. 
from  col.  6,  63  D;  and  III.  from  col.  5,  63  D.  Curve  III.  shows  the 
variation  in  speed  that  will  make  II.  agree  with  I.  The  divei^gence 
between  I.  and  II.  shows  the  force  which,  for  a  given  speed,  acts 
t/)  hold  the  governor  in  a  certain  position.  The  less  this  divergence, 
the  more  sensitive  and  unstable  the  governor  is.  We  shall  presently 
consider  the  simple  problem  of  making  the  balancing-speed  more 
nearly  constant:  but  how  near  the  governor  may  be  brought  to 
isochronous  running,  with  due  regard  to  stability,  is  a  question 
that  can  be  answered  only  after  a  study  of  its  action  in  adjustment — 
and  then,  perhaps,  not  very  closely. 

(c)  Analysis  of  a  Centrifugal  Shaft-governor. — The 
governor  drawn  in  skeleton-outline  at  Fig.  539  is  like  that  on  the 
engine  in  Fig.  2,  all  the  dimensions  and  data  being  tlBken  from  an 
actual  design.  Piece  2  is  the  weight-arm,  with  its  center  of  gravity 
Oj  a  little  off  the  center-line  because  the  head  is  made  hollow  and 
partly,  filled  with  shot,  which  lie  as  far  out  as  possible  when  the 
■engine  is  running.  Piece  4  is  the  eccentric-pendulum,  with  enough 
mass,  central  at  G^,  to  produce  the  gravity-balance  described  in 
§  61  (e).  The  strap  5  is  fasten©!  at  the  upper  end  to  the  arc  on  2, 
at  the  lower  end  is  gripped  in  a  clamp  jointed  to  the  spring-end. 
The  forces  acting  on  2,  3,  and  4  are  to  be  accurately  determined 
-and  reduced  to  the  point  E  on  4.  As  to  the  spring  and  strap,  it 
will  be  assumed  that  they  are  closely  enough  represented  by  a  mass 
concentrated  at  the  joint  56,  and  equal  to  the  strap-clamp  plus  a 
reduced  mass  for  the  spring.  The  latter  is  determined  by  integrat- 
ing an  expression  which  takes  account  of  the  fact  that  the  cross- 
section  varies  almost  uniformly  from  the  inner  toward  the  outer 
•end,  and  that  the  deflection  of  any  point  on  the  spring  varies  as 
the  cube  of  the  distance  from  the  fixed  end — this  furnishing  a 
ratio  of  the  virtual  velocities.  Then  the  primary  data  as  to  the 
links  of  the  mechanism  are  as  follows: 

Piece  2  3  4  56       lbs. 

Weight  32.9  5.0  24.5  4.5      lbs. 

Had.  Gyr.ifc      5.75        4.86  4.08        0.0      ins. 
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Certain  important  dimensions  that  are  to  be  used  in  the  calculations 
are  given  on  the  figure;  and  those  essential  to  the  valve-action  are 
shown  at  II. 

(d)  Kinematic  Relations. — ^The  centers  13  and  24  being 
inconveniently  distant  (especially  13),  we  do  not  follow  the  method 
of  Eq.  (332),  but  instead  use  a  construction  which  can  be  made 
within  a  smaller  space.  This  is  outlined  at  III.,  for  position  5^ 
and  is  carried  through  as  follows: 

The  velocities  of  points  B  and  D,  due  to  turning  about  A  and  P,. 
will  be  perpendicular  to  the  radii  AB  and  PD.  If  they  are  resolved 
into  rectangular  components,  along  and  across  the  connecting-link 
BD,  the  components  BM  and  DN  must  be  equal:  so  that,  having 
BH,  we  could  transfer  BM  to  DN  and  from  it  get  DK.  Then  if 
$2  and  ff^  are  the  angular  velocities  about  A  and  P,  we  have 

BH=^2XAB,        DK-=e,xPD; 
whence 

^^BHPD 
e,     DKAB' 

To  get  the  angular  velocity  of  link  3,  we  note  that  the  difference 
between  the  cross-components  MH  and  NK  is  due  to  d^  (no  center 
specified);  so  that  (MH— NK)=^3XBD.  The  construction  in  its 
most  compact  and  serviceable  form  is  shown  at  Fig.  540  I.,  where 
bd,  of  any  convenient  length,  represents  the  velocity  along  link 
3,  dh  is  perpendicular  to  it,  and  bh  and  bk  are  the  total  velocities 
of  the  points  B  and  D,  made  perpendicular  to  AB  and  PD.  Then 
the  operations  actually  carried  out  are 

^_b^PD        ?,^hkPD 

d,    bkAB'       e,    bkBD ^"^^^ 

A  little  consideration  will  show  that  the  figure  bhk  is  a  miniature 
of  that  which  would  be  got  by  drawing  radii  from  the  center  13  to 
the  points  B  and  D. 

For  the  forces  which  act  through  G,,  the  relative  virtual  velocities 
are  to  be  found  directly.    In  Fig.  539  III.,  the  line  OG  is  a  radius 


163(d)] 


CENTRnrUGAL  SHAFT-GOVERNOR. 


887 


from  0,  or  is  the  line  of  centrifugal  force;  and  GF,  perpendicular 
to  it,  is  the  direction  of  linear  inertia.  Resolving  the  total  velocity 
GL  of  the  center  G  into  components  GR  and  RL,  we  get  the  virta  1 
velocities  V,  and  Vj;     and  these  are  to  be  compared  with  the 


Ms^ 

m^. 


Fig.  640. — Special  Constructions  for  Velocity. 

velocity  of  E,  which  is  to  that  of  D  in  the  ratio  of  PE  to  PD.  In 
Fig.  540  I.,  1  is  midway  between  h  and  k  (note  that  QL  is  half  way 
between  HM  and  KN),  and  Ic  and  cb  have  the  directions  OG,  GF. 
For  the  reduction  of  mass  we  shall  need  also  the  total  velocity 
y,  or  bl;  then  the  calculations  to  be  made  are 


'sP- 


(343) 


For  the  spring-force,  acting  along  the  strap  5,  and  for  the  forces 
due  to  the  mass  at  56,  a  similar  determination  of  relative  velocities 
must  be  made.  In  Fig.  540  II.  the  total  velocity  Y^  along  the  strap 
is  resolved  into  components  in  the  directions  of  centrifugal  force 
and  of  inertia  of  the  mass  at  56,  again  for  position  5.  Measuring 
the  perpendicular  distance  (12-S)  or  AS  (from  A  to  the  strap),  we 
can  satisfy  the  relations 


y^T-y^ 


ef' 


SI* 


■■y.% 


(344) 


From  these  various  equations  we  get  the  -numerical  results  given 
in  Table  63  E,  all  the  linear  velocities  being  in  terms  of  Y^  as  unity. 
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Table  63  E.    Velocity-relations  in  the  Ames  Governor. 


Position 

1 

2 

3 

4 

5" 

e-i/o. 

1.444 

1.452 

1.475 

1.523 

1.606 

oA 

-0.000 

-0.050 

-0.103 

-0.167 

-0.261 

r. 

1.924 

1.929 

1.942 

1.974 

2.030 

V!r 

1.384 

1.428 

1.485 

1.556 

1.642 

v« 

1.343 

1.294 

1.254 

1.216 

1.196 

12-S 

6.13" 

5.78" 

6.44" 

5.11" 

4.78" 

Vs 

1.311 

1.243 

1.190 

1.153 

1.138 

Vsr 

0.967 

0.887 

o.8ia 

0.754 

0.705 

Fs, 

0.897 

0.875 

0.871 

0.873 

0.898 

(e)  Reaction  op  the  Valve-gear. — Before  proceeding  to 
calculate  and  balance  the  centrifugal  and  spring  forces,  we  must 
determine  the  effect  of  the  reaction  of  the  valve-gear  upon  the 
eccentric.  In  a  Corliss  engine  only  a  very  small  force  is  exerted 
by  the  valve-gear  upon  the  governor — merely  the  pressure  of  the 
trip-arm  upon  the  cam  while  in  the  act  of  unhooking,  due  to  friction 
of  the  latch-edges  under  the  pull  of  the  dash-pot.  But  with  a 
shaft-governor  the  whole  force  required  to  move  the  valve-gear 
reacts  upon  the  eccentric:  this  reaction  varies  widely  in  effective 
magnitude  throughout  the  revolution,  and  has  an  average  resultant 
which  helps  to  determine  the  balancing-speed. 

The  problem  before  us  is  essentially  the  same  as  that  of  the 
crank-pin  pressures,  discussed  in  §  38  (a)  to  (d);  but  in  this  case 
the  simpler  methods  give  amply  accurate  results.  It  is  better  to 
separate  inertia  and  valve-resistance,  partly  because  results  can 
be  reached  more  easily,  chiefly  because  one  is  a  direct  function  of 
the  speed  and  the  other  is  not.  In  this  engine  the  total  mass  of 
the  valve-gear,  reduced  to  the  outer  end  of  the  rocker-arm  (to  the 
wTist>-pin),  and  including  the  whole  of  the  eccentric-rod,  is  equal 
to  a  weight  of  38.7  lbs.  In  general,  we  should  concentrate  at 
the  eccentric- center  the  mass  of  the  eccentric-strap  plus  a  part  of 
the  rod,  whereupon  this  mass  will  have  simple  centrifugal  force; 
the  rest  of  the  rod  is  to  be  added  to  the  sliding  parts.  With  the 
fimall  eccentric-pin  (see  Fig.  2),  we  here  put  half  the  rod,  or  8.5  lbs., 
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at  the  eccentric,  the  remaining  30.2  lbs.  at  the  wrist-pin  on  the 
rocker. 


Fia.  541. — Inertia  of  the  Valve-^ar. 

Valve-gear  Inertia, — The  force-action  upon  the  eccentric,  due 
to  the  reciprocating  mass  of  the  valve-gear,  is  illustrated  in  Fig. 
541.  It  is  a  simple  matter  to  calculate  the  ideal  centrifugal  force 
Fq — see  §  35  (a) — and  then  use  the  formula  for  harmonic  motion^ 
F=Fq  cos  a.  This  force  F,  always  acting  along  the  stroke-line, 
is  laid  off  from  the  center  E  in  Fig.  541  I.,  after  the  manner  of 
Fig.  159.  In  effect,  we  imagine  the  eccentric-radius  OE  to  stand 
still  and  the  stroke-line  to  rotate  backward  around  E.  The  polar 
diagram  of  the  inertia  F  is  a  circle  like  the  Zeuner  valve-circle^ 
over  which  the  rotating  radius  sweeps  twice  during  one  revolution, 
as  indicated  by  the  angle-numbers. 

Consider  now  any  pair  of  forces  as  EG  and  EH,  symmetrically 
placed  with  reference  to  the  dead-center  line  EF:  the  opposing 
components  KG  and  KH  neutralize  each  other  as  to  any  tendency 
to  produce  resultant  movement  of  the  eccentric-center,  but  the 
two  components  EK  tend  to  move  E  radially  outward.  To  find 
the  average  effect — the  angle-base  being  equivalent  to  a  time-base 
— we  must  average  up  EK=Fcos  a=F^cos*afor  half  a  revolution, 
or  integrate 

J*  ^' F^  cos^a  da  =  fJ\  sin  2a +i(x]    l  =  ir.F^-        (345) 


This  being  a  product  of  force  by  angle  or  time,  we  take  out  the 
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time-factor  w  and  get  JF^  as  the  mean  radial  force.  This  force  is 
laid  off  at  EA  in  I.;  and  in  II.  the  EA  for  each  governor-position 
is  resolved  into  rectangular  components,  ED  along  PE,  EB  tend- 
ing to  move  E  outward  along  its  path,  acting  with  the  spring 
and  against  the  positive  centrifugal  force  of  the  weight-arm. 

In  calculating  the  values  given  in  Table  63  G,  line  5,  we  can 
take  half  of  the  centrifugal  force  due  to  the  slide-mass  of  30.2  lbs. 
and  add  it  to  the  whole  of  that  due  to  the  8.5  lbs.  at  the  eccentric- 
pin;  or,  to  reduce  the  number  of  operations,  can  make  the  determi- 
nation of  Fig.  541  for  one-half  of  (30.2+2X8.5)  or  for  23.6  lbs. 

II. 


Fig.  642. — Effect  of  Valve-resistance. 


Valve-resistance,  —  The  resistance  of  the  valve  is  one  of  the 
most  uncertain  and  indeterminable  forces  in  the  engine.  It  seems 
reasonable  to  assume  that  this  will  be  an  approximately  constant 
force,  acting  against  the  movement  in  each  stroke.  Some  experi- 
ments that  have  been  made  indicate  a  value  of  about  50  lbs., 
reduced  to  the  outer  end  of  the  rocker,  for  the  engine  imder  con- 
sideration. This  value  is  used  in  Fig.  542  I.,  modified  by  the 
pressure  of  the  steam  on  the  end  of  the  valve-rod,  which  changes 
it  to  20  lbs.  on  the  forward  stroke,  80  lbs.  on  the  return  stroke 
of  the  valve.  Layiog  off  this  valve-force  from  E,  as  in  Fig.  541, 
we  get  the  action  represented  by  the  two  full-line  semicircles, 
with  the  dotted  curve  for  the  average  of  both  strokes.    Here  the 
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force-action  is  symmetrical  with  respect  to  a  line  at  right  angles 
to  the  eccentric-arm;  resolution  and  integration  give  the  mean 
force  EF-2/;rXEV,  or  EF=0.6366X50=31.83  lbs.  In  II.  this 
force  is  laid  off  from  E,  perpendicular  to  each  eccentric-radius;  and 
the  components  perpendicular  to  PE  are  added  to  the  spring-force 
in  Table  63  I. 

It  will  be  noted  that  we  have  here,  especially  in  Fig.  542, 
disturbing  force-actions  of  the  first  magnitude.  According  to  the 
diagram  at  I.  there  is  one  position,  between  180®  and  210®  of  the 
eccentric-travel,  where  the  full  force  of  80  lbs.,  plus  the  inertia 
shown  in  Fig.  541 1.,  is  tangential  to  the  path  of  E.  It  is  by 
making  the  time  of  action  short  that  the  momentum  given  to  the 
governor-mass  is  kept  within  practically  n^ligible  limits — which 
is  a  strong  reason  why  the  shaft-governor  is  not  well  adapted  to 
slow-moving  engines.  Only  in  a  closer  study  of  the  subject  than 
is  here  permissible  would  an  application  be  made  of  the  methods 
used  for  the  fly-wheel  discussion  in  §  36  (d),  with  a  view  to  finding 
how  great  is  the  small  periodic  oscillation  due  to  this  variable  force. 
It  is  evident  that  the  valve-gear  reaction  completely  overshadows 
any  force-variation  due  to  the  periodic  fluctuation  in  the  speed  of 
the  shaft,  even  when  we  consider  the  heavy  inertia-governor  in 
Fig.  531. 

1-1 ^    ^         n.       i 


"^t — ' o        -* 

Fio.  543. — ^Effect  of  Ecoentric-friction. 

E<X€rUrk'friciion, — Friction  in  the  various  joints  of  the  governor- 
gear  tends  simply  to  hinder  its  movement,  with  an  influence  upon 
its  action  in  adjustment:  friction  in  the  joints  of  the  valve-gear 
enters  as  a  minor  component  into  the  resistance  just  considered: 
but  friction  of  the  strap  upon  the  eccentric — ^which  may  rise  to  a 
considerable  magnitude  imder  certain  conditions — takes  the  form 
of  a  nearly  constant  torque,  tending  to  turn  the  eccentric  backward, 
or  to  rotate  the  eccentric-pendulum  upon  the  pivot  P.  In  the 
engine  under  consideration,  with  only  a  small  pin,  this  action  is 
negligible.      In  general,  the  effect  of  excessive   friction  on  the 
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eccentric  will  be  to  make  a  certain  nearly  uniform  change  in  the 
running-speed;  without  affecting  the  variation  of  the  speed  in 
regulation.  Whether  this  change  will  be  an  increase  or  decrease 
depends  upon  the  arrangement  of  the  eccentric-pendulum  with 
reference  to  the  crank,  as  illustrated  in  Fig.  543.  In  the  first  case,, 
the  friction-torque  tends  to  throw  E  out,  helping  the  spring,  and 
requiring  an  increment  of  speed  to  balance  it;  in  the  second  case, 
opposite  conditions  prevail.  It  is  of  interest  to  note  that  if  the 
eccentric-strap  gets  hot  and  sticks  fast,  an  engine  arranged  as  in 
Fig.  543  II.  will  simply  be  shut  down,  while  one  with  the  other 
arrangement  is  likely  to  "run  away  ?'  and  be  seriously  damaged. 


Table  63  F. 


Measurements  for  Centrifugal  Force,  from: 
Fig.  539. 


Position. 

1 

2 

3 

4 

5 

Piece    2/^^ 

16.23 

16.97 

17.66 

18.30 

18.90 

5.63 

5.23 

4.78 

.4.28 

3.73 

Piece    3     R, 

11.48 

10.59 

9.66 

8.69 

7.65 

Piece    4{jJ^ 

2.52 

2.02 

1.52 

1.02 

0.54 

5.26 

5.30 

5.31 

5.23 

4.73 

Piece  56    R^ 

11.28 

10.74 

10.23 

9.75 

9.30 

Valve-gear  r 

3.06 

2.54 

2.04 

1.59 

1.26 

(J)  Balancing  Forces  in  Fig.  539. — Here  again,  as  under  537, 
we  at  first  calculate  the  centrifugal  forces  for  100  R.P.M.  Sub- 
stituting in  Eq.  (340)  the  weights  given  in  Arts,  (c)  and  (e),  we 
have  in  the  formula  F=CR  the  following  values  for  the  coeffi- 
cient C: 

Piece  2  3  4  56  V.G. 

Weight        32.9  5.0  24.5  4.5  23.6 

C  9.35        1.42  6.96        1.28  6.71 

Radii  from  the  center  0  to  each  center  of  gravity  are  given  in 
Table  63  F,  measured  in  inches  and  ready  for  substitution  in 
(340).  From  these  are  calculated  the  centrifugal  forces  in  Table 
63  G,  which  are  given,  not  because  they  are  to  be  used  directly, 
but  rather  for  the  sake  of  getting  some  idea  of  their  relative 
magnitude. 
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Table  63  G.    Centrifugal  Forces  in  Fig.  539,  at  100  R.P.M. 


Piece. 

1 

2 

3 

4 

5 

2 

151.8 

158.6 

165.0 

171.0 

176.6 

3 

16.3 

15.0 

13.7 

12.3 

10.9 

4 

17.7 

14.0 

10.6 

7.1 

3.8 

56 

14.4 

13.8 

13.1 

12.5 

11.9 

V.G. 

20.5 

17.0 

13.7 

10.7 

8.4 

For  pieces  2  and  4  we  use  the  method  of  Eq.  (333),  §  62  (c). 
The  lever-arm  H,  equal  to  AB  on  Fig.  526  or  AF  on  Fig.  539,  is 
given  in  Table  63  F;  for  h^  we  use  PE  or  Q,  equal  to  6.75".  The 
angular  velocity-ratios  are  given  in  Table  63  E,  as  are  also  the 
ratios  of  virtual  velocities  by  which  we  must  multiply  the  actual 
centrifugal  forces  of  3  and  56  in  order  to  get  their  reduced  forces 
at  E,  according  to  the  relations 


i^.R=7,pF: 


SF^3, 


•F'SR^  ^SF  ^56- 


(346) 


The  results  of  these  calculations  are  given  in  Table  63  H,  where  the 
effective  component  of  the  valve-gear  inertia,  line  5,  is  taken  from 
Fij.  541. 

Table  63  H.    Reduced  Centrifugal  Forces. 


Piece. 

1 

2 

3 

4 

5 

2 

3 

4 
53 
V.G. 

+  183.0 

-  22.5 

-  13.8 

-  13.9 

-  17.1 

+  178.4 

-  21.5 

-  11.0 

-  12.2 

-  13.7 

+  172.3 

-  20.4 

-  8.3 

-  10.7 

-  10.2 

+  165.3 

-  19.2 

-  5.5 

-  9.4 

-  67. 

+  156.8 

-  17.8 

-  2.7 

-  8.4 

-  3.2 

+  115.7 

+  120.0 

+  122.7 

+  124.6 

+  124.7 

Table  63  I  contains  the  final  set  of  values  in  this  computation. 
The  increment  of  spring-deflection  is  Jf,  in  inches,  and  the  scale  of 
the  spring  is  92.0  lbs.  to  1  in.  of  deflection.  Then  the  increments 
of  spring-force  have  the  values  JS,  and  with  the  initial  tension 
718  lbs.  (experimental)  we  get  the  forces  S  as  acting  along  the 
strap.    Multiplying  these  by  the  virtual  velocity-ratio  Kg  from 
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Table  63  E,  we  have  the  reduced  spring-forces  5r.  To  these  are 
added  the  effective  component  of  the  mean  valve-resistance  from 
Fig.  542,  and  the  result  is  the  total  balancing  force  B.  Dividing 
this  B  by  F,oo,  and  multiplying  100  by  the  square-root  of  the  ratio, 
we  get  the  balancing-speed  N,  For  this  last  calculation  the  slide- 
rule  is  not  effective;  and  five-place  logarithms  must  be  used. 

Table  63  I.    Balancing  Forces  and  Speeds. 


Position. 

1 

2 

3 

4 

5 

JS 

s 

0.00 
00.0 
718.0 

0.83 
76.4 
794.4 

0.78 
71.8 
866.2 

0.74 
68.1 
934.3 

0.70 
64.4 
998.7 

5b 
V.G. 

941.3 
18.4 

987.4 
19.6 

1030.6 
21.8 

1077.3 
25.2 

1136.5 
29.8 

B 

959.7 

1007.0 

1052.4 

1102.5 

1166.3  . 

iV 

288.0 

289.7 

292.9 

297.6 

305.8 

It  will  be  noted  that  the  regulation  shows  quite  a  variation  in 
character,  being  close  at  first,  coarser  as  the  eccentric  moves  in. 
Referring  to  Fig.  552,  where  the  curve  of  M.E.P.  is  given,  we  see 
that  this  manner  of  variation  tends  to  make  the  regulation  uniform 
if  referred  to  the  load  on  the  engine  rather  than  to  the  position  of 
the  eccentric.  A  further  inspection  of  this  curve  shows  that  the 
regulation  is  closer  than  at  first  sight  appears;  for  whereas  the 
total  variation  of  iV  in  the  table  is  about  6  per  cent,  over  the  whole 
range  of  the  governor,  it  appears  that  the  effective  range  of  loading 
is,  roughly,  from  position  2  to  position  4.1,  with  a  speed-change 
of  only  about  4  per  cent. 

(g)  Control  of  the  Regulation. — ^The  methods  developed 
and  applied  in  the  preceding  discussion  can  be  used  in  the  solution 
of  any  problem  as  to  r^ulation  that  may  arise:  and  before  passing 
to  the  question  of  adjustment  and  stability,  we  shall  consider 
briefly  how  the  r^ulation  can  be  varied  in  character  in  the  two 
types  of.  governors. 

In  Fig.  544,  the  primary  element  of  the  fly-ball  governor  is 
shown  at  I.  in  its  simplest  form,  or  as  what  is  known  as  the  plain 
conical  pendulum.    Using  the  notation  of  Fig.  534,  and  equating 
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the  opposite  moments  of  centrifugal  force  and  of  weight,  we  have 
WCNhh=Wq=Wr; 


whence 


iVoo 


%«4 


(347) 


The  first  value  in  (347)  is  general,  the  second  is  for  this  particular 
case.  In  efifect,  we  divide  the  rectangle  rh  by  the  ann  r  and  get 
the  height  h  of  the  cone  of  revolution,  upon  which  the  speed 
depends.  In  the  lower  diagram,  h  is  laid  off  upon  a  base  repre- 
senting linear  travel  of  the  center  G,  and  from  it  is  derived  a 
second  curve  which  shows  how  the  speed  varies,  that  at  the  middle 
or  45-d^ree  position  being  takefi  as  unity. 


Fig.  644. — Regulation  by  the  Fly-ball  Governor. 

One  way  of  making  the  variation  less  is  to  offset  the  pivot  beyond 
the  axis  of  rotation,  as  at  II.  Dividing  each  rh  by  q,  we  get  the 
ideal  or  effective  height  h',  which  is  plotted  below  and  gives  the 
speed-variation  there  shown.  The  full-line  curve  for  N  compares 
speeds  just  as  in  I.;  the  dotted  curve  represents  them  to  the  same 
scale  as  in  I.,  showing  how  the  decrease  in  the  effective  length  of 
r  raises  the  speed  at  which  the  governor  must  turn  for  equilibrium. 
By  using  the  lower  part  of  the  range  of  movement,  quite  a  close 
r^ulation  can  be  secured  with  this  arrangement. 
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The  effect  of  weight  on  the  slide,  as  in  Fig.  537,  is  shown  at  III. 
Here  we  reduce  the  weight  on  4  to  the  arm  2,  by  transferring  it  to 
the  instantaneous  center  24.  For  the  sake  of  simplicity  we  take 
W^  the  same  as  TT,,  whereupon  the  equation  of  moments  is 


W,CNhh^W,q,  +  W,q,=  W,{q,+q,). 


(348) 


The  moment-arm  q^  varies  even  more  rapidly  than  g,,  so  that, 
in  spite  of  the  effect  of  the  offset  of  the  top  pivot,  the  speed  varies 
as  much  as  in  Case  I.  Note  how  greatly  the  actual  speed  (dotted 
curve)  is  increased  by  the  addition  of  W^. 


i—.M. 


Fig.  545. — Analysis  of  the  Proell 
Governor,  Fig.  525  III. 


Fig.  546. — (Counterpoise  on 
Inclined  Arm. 


A  design  in  which  close  r^ulation  is  secured  by  simple  means, 
through  a  thorough  understanding  of  the  mechanics  of  the  gov- 
ernor, is  outlined  in  Fig.  545;  and  the  important  full-size  measure- 
ments are  given  in  Table  63  J.  The  only  dimension  not  taken 
directly  from  the  figure  is  q^fti  to  get  this,  the  measured  q^  is 


Table  63  J.    Resu 

LTS  FROM  Fig.  545. 

Position. 

rz 

hz 

r^^z 

Qz 

«.R 

Iq 

V 

1 
2 
3 

6.48 
7.73 

8.74 

10.72 

10.11 

9.41 

69.5 

78.1 
82.2 

4.47 
4.70 

4.88 

11.52 
13.42 
14.94 

15.99 
18.12 
19.82 

4.34 
4.31 
4.14 
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multiplied  by  1.285,  which  is  the  ratio  of  W^  to  W^\  then  this  re- 
duced value  can  be  added  to  q^,  for  use  as  in  Eq.  (348),  rj%^  being 
divided  by  Iq  to  get  A'.  Note  how,  by  the  design  of  the  mech- 
anism, ^3  is  kept  nearly  constant  and  fgA,  is  made  to  increase  so  as 
to  compensate  for  the  increase  in  q^.  Of  course,  the  closer  analysis 
which  takes  accoimt  of  the  mass  of  the  links  of  the  mechanism,  as 
well  as  of  the  ball,  would  have  to  be  used  forgetting  accurate  results. 

An  obvious  scheme  for  varying  at  will  the  regulation  of  a 
governor  like  Fig.  461  is  to  put  the  poise  on  an  inclined  arm, 
as  indicated  in  Fig.  546,  and  this  arrangement  is  used  on  some 
governors. 

With  a  spring  for  the  balancing  force,  and  the  chance  to  vary 
scale,  manner  of  elongation,  and  length  of  lever-arm,  as  suggested 


Fig.  647. — Types  of  Spring-connection. 

by  Fig.  547,  we  have  an  element  of  great  flexibility,  and  the  pos- 
sibility of  securing  any  regulation  that  may  be  desired. 

Shaft-governors  are  usually  provided  with  means  of  varying 
the  speed  and,  incidentally,  the  regulation.  The  adjustments 
possible  are,  the  addition  or  movement  of  weights,  change  in  the 
spring  tension,  and  movement  of  the  point  of  spring-attachment. 
Changing  the  location  of  the  center  of  gravity  of  the  weight-arm 
may  cause  quite  a  change  in  the  manner  of  variation  of  the  product 
RH:  if  this  is  made  to  increase  more  rapidly,  the  r^ulation  is 
made  closer,  and  vice  versa.  Increasing  the  spring  tension  usually 
leaves  its  scale  the  same,  so  that  the  proportional  increase  due  to 
deflection  on  account  of  movement  of  the  governor  is  less,  or 
i^ain  the  regulation  is  closer.  Moving  the  fulcrum-point  of  the 
spring  in  order  to  change  the  speed  may  or  may  not  affect  the 
regulation,  and  the  effect  could  only  be  predicted  after  a  study 
of  the  particular  case. 
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With  the  fly-ball  governor  it  is  easy  to  provide  for  non-automatic 
adjustment  of  the  speed  while  the  engine  is  running.  Shaft- 
governors  are  now  sometimes  made  with  a  little  electric-motor  in 
the  wheel,  which  moves  the  spring-attachment,  and  can  be  con- 
trolled from  the  switchboard — this  device  being  used  where  several 
engines  drive  alternating-current  generators  in  parallel,  and  one 
coming  into  service  must  be  s3nichronized  with  the  others  before 
being  thrown  into  the  circuit. 


§  64.  The  Problem  of  Adjustment. 

(a)  Reduced  Masses  in  the  Fly-ball  Governor. — In  order 
to  apply  Eq.  (337)  to  the  governor  in  Fig.  537,  it  was  first  necessary 
to  find  fcj  and  fc,,  which  by  closely  approximate  calculation  came 
to  4.23"  and  2.62"  respectively:  then  K^  could  be  measured  off 
once  for  all  on  Fig.  536,  but  X,  had  to  be  laid  off  for  each  position. 
An  outline  of  the  computation  for  links  2  and  3  is  given  in  Table 
64  A,  where  all  the  masses  are  expressed  in  ordinary  pounds.  It 
will  be  noted  that  here  again  link  3  might  have  been  left  out  of 
account  without  appreciable  error. 

Table  64  A.    Reduction  of  Mass  to  Slide  4,  Fig.  537. 
M2  =  56.871bs.     Af3=0.97  1b.    i^2=18.71". 


Arm  2. 

Link  3. 

Total. 

Posi- 
tion. 

02 

O' 

A^.R 

Ks 

as 

C)' 

^,R 

M^ 

1 

8.50 

4.850 

276.0 

6.40 

6.46 

0.98 

0.95 

277.0 

2 

9.63 

3.780 

214.0 

6.81 

7.32 

0.87 

0.84 

214.8 

3 

10.77 

3.025 

172.3 

7.24 

8.12 

0.80 

0.77 

173.1 

4 

11.93 

2.465 

140.3 

7.59 

8.85 

0.74 

0.71 

141.0 

5 

13.10 

2.038 

116.0 

7.91 

9.49 

0.70 

0.67 

116.7 

6 

14.29 

1.717 

97.7 

8.16 

10.03 

0.67 

0.65 

98.4 

7 

16.50 

1.459 

82.9 

8.30 

10.40 

0.64 

0.62 

83.5 

For  the  slide  4  and  the  valve-gear  parts  that  move  with  it,  in- 
cluding all  the  rods  and  the  cam-rings  but  not  the  poise  W,  the 
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reduced  mass  is  54,0  lbs.  The  poise,  in  its  three  positions  "in", 
"middle",  and  "out",  reduces  to  40.4,  102.3,  and  192.2  lbs. 
respectively.  This  gives  to  M^  the  total  values  94.4,  156.3,  and 
246.2  lbs.  for  cases  A,  B,  and  C,  of  which  masses  one-half  is  to  be 
used  in  combination  with  those  in  column  8  in  the  last  table.  Then 
for  case  B,  which  we  are  to  discuss  further,  the  total  reduced 
mass  is  given  in  Table  64  B. 

Table  64  B.    Total  Reduced  Mass,  Case  B. 

Position     12  3  4  5  6  7 

TUooo    / 365.2    293.0    251.3     219.2     194.9     176.6     161.7    poundB        1 
^*^    1    1105      9.12      7.86      6.82      6.06      5.49      5.03  mass  units  2 
1  mass  unit » 32.16  lbs. 

(6)  M.E.P.  AND  Fly-wheel  Effect. — By  laying  out  the  cut-off 
cam-gear  and  locating  on  Fig.  465  the  cut-offs  corresponding  to  the 
several  governor-positions,  and  then  sketching  a  set  of  indicator 
diagrams,  the  M.E.P.  curve  on  Fig.  548  was  obtained — the  operation 
being  analogous  to  that  in  Figs.  352  and  354,  but  more  complicated 
in  its  initial  steps.  This  curve  is  based  on  a  boiler-pressure  of 
80  lbs.  by  gage. 

Data  as  to  the  weight  of  the  fly-wheel  not  being  immediately 
available,  a  logical  value  was  obtained  as  follows: 

It  is  assumed  that  when  the  engine  is  running  with  an  M.E.P. 
of  the  value  P=45  lbs.,  at  80  R.P.M.,  with  the  phase-ratio  A=0.15, 
the  coefficient  of  speed  fluctuation  is  /=0.01.  Now  if  the  work  in 
one  revolution,  TTr,  is  done  by  the  force  P  acting  through  two 
strokes,  we  may  take  it  to  be  approximately  true  that  the  free  work 
£=0.15  TTr  will  be  done  by  an  unbalanced  pressure  JP  acting 
through  one-half  a  stroke — this  half-stroke  corresponding  to  the 
quadrant  which  is  the  average  length  of  a  phase  in  the  turning- 
force  diagram.  Then  if  JPX0.5=0.15XPX2,  we  have  JP=0.6P, 
here  27  lbs.,  as  the  xmbalanced  force  which  by  acting  through  the 
time  of  one-fourth  of  a  revolution  will  make  a  change  of  one 
per  cent,  in  the  speed  of  the  shaft.  In  general,  the  change  in 
momentum  may  be  expressed  as 

JPxJt=CMJN, (840) 
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where  AN  is  the  speed-change  produced  by  the  free  force  AP  in 
the  time  At^  all  the  constant  factors  being  included  in  C  Putting 
the  mass  M  of  the  wheel  also  into  the  constant^  and  substituting 
in  AN  ^  CAP  At  the  values 


we  get 


JP-27         J/- 160-15^15 


,15 


A\r     80 
^^^=100' 


j^=CX27Xg^;        C«0.158. 


Then  for  this  engine  we  have  the  relation 


JiV=0.158JPJ^ 


(350) 


(c)  Adjustment  by  the  Fly-ball  Governor. — ^The  data  for 
the  calculation  of  this  action  are  collected  in  Fig.  548,  several 
examples  are  fully  plotted  in  Figs.  549  to  551,  and  the  method 
used  is  set  forth  in  Table  64  C,  which  carries  the  numerical  values 
for  Fig.  549  through  one  revolution.  Although  here  split  into  three 
sections,  the  table  is  really  continuous,  each  calculation  being  con- 
tained in  a  line  carried  across  all  three  parts;  nevertheless,  the 
division  has  a  logical  basis,  because  the  first  section  is  concerned 
with  the  action  of  the  main  engine-mechanism  (of  the  shaft  or 
wheel,  more  particularly),  the  second  section  shows  the  dynamic 
conditions  in  the  governor  (force  and  mass),  and  the  third  deter- 
mines the  movement  of  the  governor. 

Table  64  C.     Form  for  Calculation  op  Adjustment  Action. 


Calo. 
No. 

Time. 
At 

M.E.P. 
P                AP 

^fz 

Speed. 

Nn 

0 

30.5 

81.20      60.90 

60.9 

1 
2 

.1843 
.1837 

30.6 

+  10.5 

+  .306 

it 

81.50      61.12 
81.81       61.36 

61,0 
61.1 

3 
4 

.1832 

.1827 

29.3 

+  9.3 

+  .270 
it 

82.08      61.56 
82.35      61.76 

61.3 
61.7 
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W 

^1110 

Forces. 
F 

/ 

/. 

MM8 

M 

3f . 

0 

86.2 

232.0 

86.2 

0 

6.82 

1 

2 

86.2 
86.1 

231.7 
230.8 

86.8 
87.0 

+0.6 
+0.9 

+0.3 
+0.75 

6.82 
6.77 

6.82 
6.79 

3 
4 

86.0 
85.7 

228.8 
224.9 

87.0 
85.9 

+  1.0 
+0.2 

+0.95 
+0.6 

6.70 
6.53 

6.74 
6.62 

Table  64  C— Continued. 

Jv 

Velocity. 

9 

V. 

Displacement. 
JS                8            Est. 

5n 

0 

0 

0 

0 

1 
2 

+  .0081 
+  .0203 

+  .0081 
+  .0284 

+  .0041 
+ .0182 

+ .0088         .009 
+ .0402         .049 

.01 
.05 

.085 
.170 

3 
4 

+  .0258 
+  .0166 

+  .0542 
+  .0708 

+ .0413 
+  .0625 

+  .0906         .140 
+  .1372         .277 

.13 
.28 

.245 
.313 

Behavior  of  the  Engine. — ^The  methods  to  be  used  in  the  last 
determination  just  mentioned  are  very  much  like  those  in  the 
detailed  analysis  of  fly-wheel  action,  §  36  (d)  to  (g);  and  it  will  be 
well  to  review  that  discussion  at  this  point.  For  the  engine-shaft, 
however,  we  shall  not  follow  the  periodic  fluctuation  in  speed,  but 
as  a  simplifying  approximation  will  assume  that  only  the  change 
in  mean  speed  due  to  an  alteration  of  load  or  power  need  be  con- 
sidered. The  load  is  supposed  to  change  abruptly  from  a  value 
represented  by  the  mean  effective  pressure  P^  to  one  represented 
by  Pj,  this  event  taking  place  just  after  cut-off  has  fixed  the  power 
which  will  be  developed  during  the  next  half-revolution.  Each 
calculation  is  made  for  a  quarter-revolution,  the  same  period  that 
was  used  in  getting  (349)  or  (350);  and  the  length  of  this  period, 
J^= 15^  JV,  varies  with  the  R.P.M.  of  the  engine.  As  an  additional 
simplification  it  is  assumed  that  the  position  of  the  governor  just 
at  the  end  of  each  half-revolution  will  determine  the  power  for 
the  next  half,  according  to  the  M.E.P.  curve  on  Fig.  548;    and 
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these  critical  points  are  marked  with  small  circles  on  the  curve 
of  s. 

Under  M.E.P.  we  give  in  Table  64  C,  first  the  actual  mean 
efifective  pressure  P,  then  the  unbalanced  pressure  AP=P—P^ 
=P— 20.  Substituting  in  Eq.  (350)  we  get  the  speed  change  AN. 
Here  it  is  necessary  to  give  both  engine-speed  N^  and  governor- 
speed  Nq^  the  latter  being  used  when  finding  the  centrifugal  force- 
effect.  The  balancing-speed  N^j  corresponding  to  the  actual 
position  of  the  governor,  is  foimd  graphically  from  Fig.  548  after 
the  whole  calculation  has  been  finished  and  s  determined:  its 
usefulness  will  be  brought  out  presently. 

Forces  in  the  Oovemor. — ^The  problem  of  force-action  and 
resulting  motion  now  before  us  is  one  that  can  be  solved  only  by 
a  trial  method.  We  know  the  conditions  at  the  beginning  of  any 
computation-period,  as  given,  for  instance,  in  line  zero  of  Table 
64  C  for  the  first  calculation  to  be  made;  but  the  values  of  TT,  F, 
and  M  at  the  end  of  this  period  depend  upon  the  final  value  of  s, 
or  upon  the  distance  moved  by  the  governor  during  the  period. 
We  must  therefore  estimate  the  probable  value  of  «,  measure  the 
forces  and  mass  from  Fig.  548,  nm  through  the  calculation  and 
find  s;  then  if  this  computed  value  does  not  agree  pretty  closely 
with  the  estimated  governor-position,  new  measurements  must 
be  made  and  the  operation  repeated.  Only  final  calculations  are 
shown  in  the  table,  the  value  of  s  under  "Est."  being  that  for  which 
TT,  Fioo»  ^^d  ^  ^®  measured  from  the  curves. 

The  computation  of  F^Fio^jXiVo^-^lOO'  is  the  only  one  in  the 
whole  operation  for  which  the  slide-rule  is  not  always  sufficiently 
accurate — although  in  this  case  slide-rule  values  are  used.  Having 
found  F,  we  get  the  free  force  f=F—W;  then  the  mean  of  the 
values  of  /  at  the  beginning  and  at  the  end  of  the  period  is  the 
average  force  which  acts  during  the  period  Jt,  upon  the  average 
mass  Mm. 

Movement  of  the  Governor. — Having  force  and  mass,  the  change 
in  velocity  of  the  reduction-point  in  the  time  Jt  is  found  by  the 
equation  of  momentum, 

Mn,Jv=fmAt,    or    Av=='^ (351) 
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Then  values  of  v  are  averaged  to  get  Vm,  and  the  change  in  position, 
reduced  to  inches,  is  got  by  the  operation 

Js  =-12vjnM (352) 

Before  discussing  the  action  shown  by  Figs.  549  to  551,  we  will 
make  several  determinations  of  the  same  sort  for  the  shaft-governor 
in  Fig.  539,  and  then  consider  the  two  examples  together.  As  to 
the  various  adjustment  curves,  it  is  considered  that  the  full  par- 
ticulars given  under  Figs.  550  and  551,  with  the  marking  of  all  the 
scales  on  each  figure,  should  make  them  sufficiently  clear,  without 
further  description  or  explanation — except  that  the  meaning 
of  N^  and  8^  is  yet  to  be  brought  out,  on  page  411. 

(d)  Inertia-force  in  Fig.  539. — For  the  computations  outlined 
in  Table  64  D  the  data  and  formulas  are  as  follows,  all  the  linear 
symbols  being  defined  on  Fig.  526  or  Fig.  539: 

Referring  to  Fig.  526,  we  have  first 

Force  of  tangential  inertia    Ir^MtoR (353) 

Moment  of  angular  inertia   Tj^^Mwk^ (354) 

We  shall  take  the  unit  of  acceleration  to  be  £i>= 1  R.P.M.  per  second, 
or  for  0)  use  the  value  0.1047.  In  applying  actual  dimensions  in 
(353)  and  (354),  the  radius  R  and  one  factor  k  must  be  reduced 
to  feet.    Then  for  co~  0.1047,  and  R  and  k  in  inches, 

W  R 

/T=lLx0.1047X7~  =  .0002715]Fi21bs.;      .     .    .     (355) 

W  k^ 

Ta=— X0.1047XY^-.0002715]FfcMb.-ins.      .    .     (356) 

For  piece  2  we  reduce  It  by  the  relation — compare  (333) — 

^1*2^2  =  ^TaQ  ^v 

or,  substituting  from  (355),  with  W  as  given  in  the  table, 

/tr=/t|^  =  .001324/?a|-' (357) 
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For  /a  the  method  is 

•       ^^«^lf|=°*^®^ ^^^ 

For  piece  3  we  get  h  and  multiply  it  by  F,i  from  Table  63  E, 
the  formula  reducing  to 

W  R 

/TR=—X0.1047f^Fai«. 00136  fiFji;      .    .     (359) 

while  for  angular  inertia  we  need  only  change  the  constant  in  (358) 
to  .00477,  as  determined  by  the  different  values  of  W  and  k. 
Similar  substitutions  give  constants  as  follows: 

for  4,  .00987  in  (357),  while  /ar  is  constant, 

for  56,  .00122  in  (359). 

Table  64  D.    Reduced  Inertia  Forces  in  Fig.  539. 


Position. 


Piece  2 
W=-Z2.9 
M«1.023 
A;  =  5.75 


R2 
/ab 


Pieces 
iy=6.0 
M-0.165 
A:  =4.86 


eye, 

/tr 
Jar 


Piece  4  R^ 

TF  =  24.6  h, 

M  =  0.763  /tr 

A:  -4.08  /ar 


Piece  66  R» 
Tr  =  4.5  Fsi 
A/=0.140    /tr 


1 


3 


16.23         16.97 

-3.41  -4.00 
1.444         1.452 

-  .1057  -  .1306 

-  .0634  -  .0637 


17.66  18.30  18.90 

-4.51  -5.00  -5.43 
1.477          1.520  1.607 

-  .1656  -  .1850  -  .2180 

-  .0648  -  .0667  -  .0705 


11.48 
-1.343 
-0.000 
-  .0209 
-f  .0000 


10.59 
-1.294 
-0.050 
-  .0186 
+  .0002 


9.65 
-1.254 
-0.103 
-  .0164 
+  .0005 


8.69 
-1.216 
-0.167 
-  .0143 
+  .0008 


7.65 
-1.196 
-0.261 
-  .0124 
+  .0013 


2.52 

2.02 

1.62 

1.02 

0.54 

-0.67 

-0.28 

+0.19 

+0.92 

+  2.43 

-  .0017 

-  .0006 

H-  .0003 

+  .0009 

+  .0013 

-  .0165 

-  .0165 

-  .0165 

-  .0165 

-  .0165 

11.27    10.73 
-0.897   -0.875 
-  .0123  -  .Ollfi 


10.23     9.75     9.30 
-0.871   -0.873   -0.898 
-  .0109  -  .0104  -  .0102 


Total 

Reduced 

Inertia 


It 
/a 
/ 


-  .1406  -  .1613 

-  .0799  -  .0800 

-  .2205  -  .2413 


-  .1826  -  .2088-   .2393 

-  .0808  -  .0824-   .0857 

-  .2634  -  .2912-   .3250 
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With  these  various  coefficients  the  results  given  in  Table  64  D 
Are  obtained,  all  of  the  data  except  h  being  repeated  from  pre- 
ceding tables.  As  to  the  algebraic  signs,  which  show  whether 
inertia  works  with  or  against  centrifugal  force,  it  is  easier  to 
determine  these  by  simple  inspection  of  the  mechanism  than 
to  formulate  and  apply  general  rules.  It  will  be  noted  that  the 
distinction  in  sign  b^ins  with  the  determining  lever-arm  h  or 
velocity-ratio  Vi.  In  this  illustrative  example  all  the  possible 
forces  are  determined,  without  regard  to  their  relative  importance; 
a  simple  preliminary  exercise  of  judgment  would  indicate  that 
such  small  forces  as  7,^  and  /^^  might  be  neglected.  The  final 
value  of  7  is  plotted  on  Fig.  552. 

Table  64  E.    Reduced  Mass  in  Fig.  539. 


PoBition. 

1 

2 

3 

4 

5 

Piece 
Mass- 
uniU 

2 

3 

4 

56 

3.703 
0.576 
0.751 
0.239 

3.740 
0.579 
0.751 
0.216 

3.872 
0.591 
0.751 
0.199 

4.103 
0.603 
0.75i: 
0.183 

4.585 
0.656 
0.751 
0.181 

Total 

Mn 

5.269 

5.286 

5.413 

5.640 

6.173. 

(c)  Reduced  Mass  in  Fig.  539. — In  this  determination  we 
follow  Eq.  (338),  except  that  ratios  of  linear  velocities  must  be 
used  with  pieces  3  and  56.  Again,  linear  symbols  are  given  on 
Fig.  526,  certain  important  dimensions  on  Fig.  539.  Stated  as 
concisely  as  possible,  the  methods  used  in  getting  Table  64  E  are 
as  follows: 

Piece  2.  Af=  1.023;    A;=5.75;    r=6.58;    Q«6.75: 
X2^i'+r'=76.46;      Q*=45.56. 

Piece  3.  Since  the  angular  velocity  is  so  small,  consider  the 
mass  as  if  concentrated  at  the  center  of  gravity;  then 

ilf=0.155;    MR-MFaS (361) 

y,  being  taken  from  Table  63  E,  Ime  3, 
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Piece  4,  M  «0.763;    A=4.08;    r=5.31;    iiC*=44.90: 

MR=ii:V0»XM=0.986X0.763=  0.751. 

Piece  56.  M=0.140;    Ma-AfFs'. 

(/)  Data  Curves  for  the  Ames  Governor. — Examination 
will  show  that  the  curves  of  B,  F„„,  and  N  on  Fig.  552  do  not  quite 
correspond  with  the  numerical  values,  in  Tables  63  H  and  I.  The 
latter  are  correct  for  the  primary  data,  a  minor  error  being  included 
in  the  determination  of  F  as  plotted  on  the  figure:  this  is  com- 
pensated by  a  slight  change  in  the  scale  of  the  spring,  and  the  only 
difference  of  any  real  importance  is  found  in  the  fact  that  here  the 
r^ulation  is  a  little  less  close  than  in  Table  63  I.  This  difference 
could  be  made  by  a  small  change  in  the  amoimt  of  shot  in  the  hollow 
head  of  arm  2,  so  that  while  not  in  absolute  agreement  with  Fig. 
539,  the  curves  in  Figs.  552  to  554  are  truly  representative  of  the 
action  of  the  governor. 

The  rapid  drop  in  the  curve  of  P  (the  M.E.P.),  which  falls  to 
zero  just  beyond  position  4,  is  due  to  the  great  offset  from  the 
erank-line  of  the  pivot-point  P  in  Fig.  539.  This  makes  the 
E-locus  draw  in  toward  the  center  0,  so  that  it  cuts  the  lap-circle 
before  the  governor  reaches  its  outer  limit.  The  action  is  like 
that  in  Fig,  360  III.,  but  is  not  here  determined  with  any  great 
accuracy. 

The  fly-wheels  on  this  engine  weigh  2100  lbs.,  at  an  effective 
mean  radius  of  40.1  ins.  One  pound  of  free  M.E.P.  is  equivalent 
to  a  total  force  of  113.1  lbs.  on  the  12-inch  piston,  which  reduces 
to  10.77  lbs.  at  the  wheel-rim  (where  it  will  directly  accelerate  the 
latter),  according  to  the  work-equation  or  virtual-velocity  relation. 


^^''=3jM^1^^=^«-7^^^ (^2) 


In  the  time  M  this  force,  acting  on  the  wheel-mass  ikr^65.3,  will 
produce  the  velocity-change  JV;  which,  at  the  end  of  the  radius 
40.1•^  12=3.34  ft.,  is  equivalent  to  a  change  in  angular  velocity 
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of  the  value  Jtf  =«  JF-5-3.34=0.1047JN;  whence 

(g)  Adjustment  by  the  Ames  Governor.— The  form  for 
calculation  with  this  governor  is  the  same  as  in  Table  64  C,  except 
that  columns  must  be  introduced  for  the  angular  acceleration 
a)=JN/Jty  and  for  the  force  of  inertia  fi'^Ioj — an  example  being 
set  forth  in  Table  64  G.  Under  our  ordinary  assumption  as  to 
wheel-acceleration  in  (c),  this  inertia-force  is  constant  throughout 
each  half-revolution.  Of  the  two  curves  marked  F  on  Figs.  553 
and  554,  the  dotted  line  shows  centrifugal  force  alone,  the  full, 
stepped  line  adds  inertia:  then  the  free  force  to  move  the  governor 
is  included  between  the  latter  curve  and  the  balancing-force  B^ 
It  is  evident  that,  except  at  the  beginning  of  the  movement,  the 
inertia-effect  is  relatively  insignificant. 

(h)  Behavior  of  the  Centrifugal  Governor. — We  now 
take  up  a  general  discussion  of  the  action  represented  by  Figs. 
549,  550,  553,  and  554.    The  primary  conditions  are  as  follows: 

The  engine  has  been  running  at  the  constant  speed  N^,  under 
the  load  P^,  with  the  governor  resting  at  s^  and  equilibrium  between 
the  centrifugal  force  F  and  the  balancing-force  W  or  B,  For  the 
sake  of  simplicity,  we  use  only  the  average  effect  of  the  force 
P,  or  take  the  turning  moment  on  the  shaft  to  be  constant  (against 
a  uniform  load-torque),  with  abrupt  changes,  when  the  governor 
is  moving,  at  the  end  of  each  half-revolution  (corresponding  roughly 
to  the  cut-off).  To  get  the  most  severe  conditions,  we  make  the 
act  of  adjustment  begin  with  an  instantaneous  change  of  the  load 
from  Pi  to  P„  just  after  a  "cut-off."  The  important  questions 
to  be  answered  are,  how  rapidly  does  the  governor  move  to  the 
new  load-position  82,  how  quickly  and  positively  does  it  there  come 
to  rest,  and  how  much  fluctuation  in  the  mean  speed  of  the  shaft 
does  it  permit? 

The  governor  requires  some  little  time  to  get  into  motion, 
partly  because  of  its  own  inertia,  chiefly  because  a  free  force  to 
accelerate  it  is  developed  only  as  the  speed  of  rotation  changes. 
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During  the  first  revolution,  then  (four  periods  on  any  figure),  the 
unbalanced  M.E.P.  is  large  and  the  engine-speed  varies  rapidly. 
The  effect  of  this  variation,  asto  its  tendency  to  move  the  governor, 
is  best  exhibited  by  plotting  the  curves  marked  N^  and  ss-  l^e 
first  shows  the  speed  at  which,  for  any  actual  position  8,  the 
governor  forces  would  be  in  equilibrium,  or  it  is  the  balancing 
speed.  Conversely,  8n  shows  the  position  which  the  governor 
would  have  to  occupy,  for  any  actual  speed  N,  in  order  that  there 
might  be  equilibrium,  or  it  is  the  balancing  position.  The  free 
force  /,  active  to  accelerate  the  governor-mass,  varies  with  the 
difference  between  N  and  A^b*  or  with  the  distance  («— «n)- 

As  the  governor  acquires  velocity  it  moves  more  rapidly  than 
the  engine-speed  varies,  presently  coming  to  a  position  of  equi- 
librium, where  the  curve  of  8  crosses  that  of  8^,  or  N  crosses  N^. 
But  by  virtue  of  the  stored-up  initial  acceleration  (or  kinetic 
eneigy)  it  swings  past  this  neutral  point,  travelling  onward  until 
checked  by  the  reversed  force  /;  whereupon  it  swings  back  again, 
and  thus  s  oscillates  about  8^  until  the  initial  energy  is  absorbed 
by  some  brake-action  not  shown  on  these  diagrams. 

In  the  governor  of  Fig.  461,  this  energy-absorbent  is  furnished 
by  the  oil-brake  or  dash-pot.  For  the  shaft-governor  which  we  are 
discussing,  friction  in  the  mechanism  performs  the  same  service. 

It  will  be  noted  that  all  the  curves  show  essentially  the  sanae 
kind  of  action,  whether  we  compare  changes  of  different  amplitude, 
as  in  Figs.  549  and  550,  or  changes  in  opposite  directions,  as  in 
Figs.  553  and  554.  But  the  differences  in  detail  are  greater  in  the 
latter  comparison,  chiefly  because  the  inclination  of  the  M.E.P. 
curve  is  so  different  on  the  two  sides  of  the  starting-point  at 
Pi=40  1bs. 

(i)  Stability  in  Adjustment. — Of  the  four  examples  under 
consideration,  the  least  favorable  action  is  shown  in  Fig.  553.  In 
the  others,  the  first  long  swing,  from  8^  to  the  crest  of  the  first  wave 
beyond  8n,  carries  8  just  about  to  8„  while  leaving  N  somewhat 
short  of  iVj.  Probably  no  simpler  statement  of  the  condition  for 
stability  in  adjustment  can  be  found  than  to  say  that  the  gov- 
ernor should  move  so  smartly  as  thus  to  pass  the  engine-speed 
(where  8  crosses  8n)  and  come  nearly  to  position  (to  8^  at  the  end 
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mind  that  the  other  kind  of  stability  (against  the  periodic  dis- 
turbing forces)  calls  for  the  presence  of  a  sufficient  mass. 

An  important  fact  in  r^ard  to  this  major  oscillatory  movement 
is  made  evident  when  we  note  that  dn  account  of  the  influence  of 
the  governor-travel  s  upon  the  M.E.P.  and  the  engine-speedy  Sjf 
has  a  small  oscillation  similar  and  opposite  to  that  of  a,  and  just 
a  little  later  in  phase;  then  these  two  combine  to  produce  a  cumu- 
lative increase  in  the  amplitude  of  the  relative  oscillation  of  8.  Fig. 
554  is  carried  out  so  far  especially  with  the  purpose  of  exhibiting 
this  action;  and  in  Figs.  549  and  550  we  can  likewise  see  how,  as 
8  swings  outward  in  either  direction,  the  ciure  of  sn  turns  away 
from  that  of  s,  thus  increasing  the  distance  (s— Sn)  upon  which  the 
force  /  is  dependent.  In  order  that  the  governor  may  settle  into  a 
new  position,  the  brake-force  must  at  least  do  a  little  more  than 
overcome  this  tendency  of  the  oscillation  to  increase.  It  is  to  be 
noted  that  the  brake-force,  in  absorbing  the  energy  of  the  oscillatory 
motion,  will  retard  the  swing  or  increase  the  time  T. 

As  to  the  effect  of  inertia  in  this  respect,  it  appears  from  Figs. 
553  and  554  that  the  small  n^ative  inertia  there  present  tends 
to  check  the  oscillation — from  which  we  infer  that  positive  inertia 
would  have  the  opposite  (undesirable)  tendency. 

Another  oscillation  of  shorter  period  and  of  small  amplitude, 
but  which  persists  continually  in  the  shaft-governor,  is  due  to 
the  effective  component,  along  the  path  of  E,  of  the  variable  valve- 
gear  reaction.  This  force  is  roughly  set  forth  in  Figs.  541  and  542, 
and  it  behaves  very  much  like  the  free  turning-force  in  Fig.  141, 
tending  to  give  the  governor  the  same  kind  of  a  movement  about 
its  mean  position  a  that  the  fly-wheel  has  about  its  mean  state  of 
uniform  rotation.  Detailed  investigation  of  a  number  of  governors, 
by  Professor  Klein,  has  failed  to  show  a  single  case  in  which  the 
stability  in  steady  running  or  in  adjustment  was  sensibly  influenced 
by  this  secondary  oscillation  due  to  the  valve-gear;  although  it 
is  possible  to  imagine  a  governor  having  such  proportions  as  to 
be  seriously  affected  by  this  action.  It  is  self-evident  that  a  high 
speed  of  rotation  and  a  lai^e  mass  in  the  governor  are  the  two 
influences  which  keep  the  valve-gear  effect  within  the  bounds  of 
harmlessness. 
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The  condition  most  destructive  of  stability  is  to  have  a  regular 
variation  in  the  load  on  the  engine  which  just  happens  to  agree 
in  interval  with  the  period  of  oscillation  of  the  governor.  About 
the  only  thing  that  can  do  any  good  when  these  two  get "  into  step" 
is  a  powerful  oil  dash-pot,  but  at  the  best  it  is  a  highly  unsatisfactory 
state  of  affairs. 

(A:)  Brake-action  in  the  Governor. — ^The  need  of  some 
energy-absorbent,  to  bring  the  governor  to  rest  at  the  end  of  an 
adjustment,  has  been  made  abundantly  clear.  The  ideal  brake 
would  not  at  all  retard  the  initial  acceleration  of  the  governor, 
but  would  come  into  action  as  s  approaches  8,.  The  nearest 
approximation  to  this  ideal  is  furnished  by  a  good  oil-brake  or 
dash-pot,  in  which  the  resistance  is  due,  not  to  thickness  or  viscosity 
of  the  oil,  but  to  a  proper  graduation  of  the  space  for  the  passage 
of  oil  around  or  through  the  piston.  This  apparatus  gives  a 
resistance  that  varies  as  some  higher  power  of  its  piston-velocity, 
reacting  very  feebly  against  a  slow  movement,  but  strongly  check- 
ing a  higher  velocity  of  the  governor. 

On  a  vertical-axis  governor,  the  fixed  dash-pot  is  likely  not  to 
receive  the  care  and  attention  that  it  ought  to  have.  In  a  shaft- 
governor,  the  additional  difficulty  of  retaining  oil  of  the  proper 
fluidity  without  introducing  too  much  stuffing-box  friction  makes 
the  use  of  an  oil-brake  rather  impracticable.  The  designer  there- 
fore seeks  for  proportions  and  conditions  which  will  give  stability 
without  a  dash-pot:  and  the  only  brake-force  that  offers  itself 
is  the  friction  in  the  mechanism.  A  great  drawback  is  that  friction 
opposes  just  as  strong  a  resistance  to  the  initial  movement  as  it 
does  to  the  undesirable  oscillation  of  the  governor.  The  case 
evidently  calls  for  a  nice  adjustment  of  force-relations,  for  while 
an  absolutely  frictionless  governor  would  oscillate  indefinitely, 
one  with  too  much  friction  will  make  all  kinds  of  trouble. 

U  we  wish  to  determine  the  friction  in  a  governor,  so  as  to 
include  it  in  the  mechanical  discussion  of  (c)  or  (g),  the  easiest  way 
is  to  find  by  means  of  graphic  statics  all  the  forces,  including  those 
at  the  joints  or  bearings,  making  the  construction  without  con- 
sidering friction.  Knowing  the  pin-pressures,  the  pin-diameters, 
and  the  relative  motions,  we  can  calculate  the  actual;  tangential 
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frictional  resistances;  and  reduce  them  to  the  same  point  as  the 
other  forces  by  the  usual  method  of  virtual  velocities.  This  is 
•easier  and  more  accurate  than  to  use  the  complete  graphical 
method  of  making  a  second  construction  with  friction  (using 
friction-circles)  and  comparing  results  with  the  no-friction  case. 

Various  designers  have,  as  might  be  expected,  followed  quite 
•different  lines  in  developing  their  ideas  as  to  this  phase  of  the 
subject.  At  one  extreme  is  an  attempt  to  use  knife-edges  for  the 
joints  subjected  to  heaviest  pressures;  at  the  other  is  the  employ- 
ment of  a  very  large  bearing  for  the  eccentric-pendulum,  in  order 
that  its  friction  may  act  as  a  brake  against  the  valve-gear  reaction, 
^Ls  well  as  for  the  governor  as  a  whole.  An  extreme  case  is  the 
older  Ball  and  Wood  governor,  used  with  the  valve  in  Figs.  251 
and  422  III.:  the  pendulum-piece  is  nothing  but  a  large  ring, 
turning  on  a  disk  fast  upon  the  wheel,  and  carrying  a  small  pin  for 
the  eccentric  proper.  The  idea  was  that  when  the  valve-gear 
force  was  greatest,  a  strong  frictional  resistance  would  oppose 
it  and  check  any  movement  of  the  governor,  while  at  the  parts  of 
the  revolution  where  the  valve-force  is  small,  the  governor  is 
left  free;  as  a  result,  any  movement,  in  adjustment  or  otherwise, 
will  be  by  jerks  rather  than  continuous.  The  same  use  of  a  large 
bearing  can  be  seen  on  the  governor  in  Fig.  201. 

{I)  Conditions  op  Stability. — ^The  important  points  brought 
out  in  the  last  four  articles  may  be  briefly  summed  up  as 
follows: 

The  fly-wheel  should  be  heavy,  so  that  the  free  forces  in  the 
governor  will  be  moderate,  and  yet  that  the  governor,  with 
a  movement  determined  by  these  moderate  forces,  will  have 
time  to  follow  the  changes  in  engine-speed  with  requisite  prompt- 
ness. 

The  governor  must  have  a  small  mass  and  relatively  large 
balancing  forces,  especially  as  the  r^ulation  is  closer,  or  as  the 
variation  of  the  steady  speed  with  the  load  is  less. 

There  should  be  such  a  relation  between  these  major  conditions 
that  the  initial  movement  will  be  as  in  Figs.  549,  550,  and  554, 
or  as  these  movements  would  be  under  the  retardation  of  a  proper 
brake-force. 
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Some  brake-force  is  essential,  to  damp  out  the  oscillation  which 
is  set  up  in  any  adjustment-action.  While  friction  performs  this 
fimction  in  most  governors,  it  is  highly  important  that  this  friction 
shall  not  be,  or  become,  excessive. 

The  preceding  statements  refer  chiefly  to  stability  or  positive- 
ness  in  adjustment  under  a  change  of  load.  For  steadiness  under 
the  periodic  fluctuating  forces  (within  the  revolution),  of  which 
the  valve-gear  reaction  is  by  far  the  most  important,  high  speed 
of  rotation  and  a  suflicient  mass  in  the  governor  are  the  chief 
requirements.  If  the  valve  has  a  high  resistance,  or  one  that  is 
liable  to  sudden  great  changes,  the  difficulty  of  driving  it  by  a 
shaft-governor  increases  rapidly  and  may  become  prohibitive. 

It  would  be  possible,  by  further  research  and  by  a  mathematical 
treatment  of  the  subject,  to  reduce  some  of  these  requirements  to 
more  or  less  approximate  quantitative  expression — several  equa- 
tions of  stability  having  been  derived  and  published  by  different 
investigators.  For  present  purposes,  however,  it  is  enough  to  have 
brought  out  clearly  the  general  principles  involved.  It  may  be 
remarked  that  in  its  deeper  detail  the  question  of  governing  is  more 
markedly  a  subject  for  the  specialist  than  is  probably  any  other 
matter  in  connection  with  steam-engineering. 

(m)  The  One-piece  Inertia  Governor. — ^To  get  some  idea 
of  the  force-action  in  a  governor  of  the  type  in  Fig.  531,  we  shall 
now  analyze  the  example  outlined  in  Fig.  555,  which  is  not  an 


f 


G 

Fig.  555. — Outline  of  Governor  of  the  Rites  Type. 

actual  design,  but  is  simply  assumed  for  illustration.  All  that 
need  be  expressed  graphically,  of  the  single  moving  piece,  is  the 
eccentric-pendulum  PE  and  the  center  of  gravity  at  the  end  of  a 
radius  PG.     Everything  else  is  contained  in  Table  64  F. 
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Table  64  F.    Data  and  Results,  Fig.  555. 
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In  this  example  the  tangential  inertia  passes  so  near  the  pivot 
P  that  its  efifect  may  be  neglected.    No  attempt  is  made  to  deter- 
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Fia.  566. — Data  Curves  for 


Fig.  555. 


Fig.  557,  Adjustment, 


P,«40, 


Adju 
,  P2 


-20. 


mine  a  spring  which  will  give  the  needed  balancing  force  B,  but 
the  speed  JV  is  assumed  and  the  corresponding  B  used  as  if  it  actually 
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were  incorporated  into  the  design.  Since  mass  and  inertiarefifect 
are  constant,  only  four  curves  need  be  plotted  on  Fig.  556. 
The  fly-wheel  effect  is  expressed  by  the  formula  iiV==0.3  JPJt, 
which  makes  the  wheel  relatively  heavier  than  with  Fig.  539. 

The  method  of  calculation  is  outlined  in  Table  64  G,  to  show 
how  it  differs  from  that  in  64  C;  but  the  third  section,  which 
remains  unchanged  in  form,  is  not  repeated.  Under  "  Speed  ^' 
we  have  the  additional  item  a»= JJV/J<=here  0.3  iP,  to  be  used 
in  calculating  the  inertia  force  f^^Io).  The  angular  acceleration 
w  is  expressed  in  R.P.M.  of  change  per  second,  and  since  /  is  calcu- 
lated and  reduced  for  one  unit  in  this  measure,  we  get  the  force 
at  E  in  pounds  by  the  multiplication  just  indicated.  After  the 
free  centrifugal  force  /i  =  (F— 5)  has  been  determined  and  averaged 
for  the  period,  /j  is  added  to  it  in  order  to  get  the  total  force  /. 

Table   64  G.    Form   for  Calculation   op  Adjustment, 
WITH  Inertia. 
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Table  64  G,— Continued. 
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On  Fig.  557  we  plot,  not  the  total  forces  B  and  F,  but  only  the 
unbalanced  force  /.  As  in  Figs.  553  and  554,  the  dotted  curve 
shows  /i,  the  broken  full-line  curve  adds  /,  to  it,  or  shows  /  as  the 
ordinate  from  the  zero-line. 

The  most  important  fact  shown  by  Fig.  557  is  that,  in  spite  of 
the  considerable  inertiarforce  that  comes  into  full  action  instan- 
taneously when  the  acceleration  of  the  wheel  b^ins,  the  governor 
is  slow  at  catching  up  with  the  speed,  not  passing  it  before  8  gets 
to  83.  There  is  therefore  a  positive  force-action  up  to  this  point, 
so  that  the  governor  reaches  *' position"  with  full  velocity,  and 
swings  away  past  the  desired  stopping-place,  thereby  initiating 
an  excessive  oscillation.  The  reason  for  this  behavior,  character- 
istic of  the  mechanism,  is  the  very  great  mass  as  compared  with 
the  free  forces  acting.  Inherently,  inertia  due  to  acceleration  of 
the  wheel,  or  of  the  governor  as  a  whole,  is  a  far  smaller  force  than 
the  radial  inertia  which  we  call  centrifugal  force — this  with  any 
angular  acceleration  that  can  be  permitted  by  a  fly-wheel  of  at 
all  sufficient  weight.  It  is  also  a  characteristic  of  this  type  of 
governor  that  the  centrifugal  effect  is  kept  relatively  small,  as 
appears  from  the  location  of  the  center  of  gravity  in  Fig.  531. 
Since  therefore  no  reversed  force  is  available  in  the  governor  itself 
until  after  it  has  passed  the  new  load-position  and  reversed  the 
free  M.E.P.,  there  must  be  a  very  considerable  brake-action 
introduced,  with  the  drawback  that  the  initial  forces  are  thus 
partly  neutralized.  It  is  difficult  to  see,  from  this  simple  analysis, 
just  how  the  governor  effects  the  quick  and  positive  adjustment 
with  which  it  is  generally  credited. 

It  is  of  interest  to  note  that,  as  regards  the  effect  of  torque- 
inertia — designated  above  as  7^  or  T^ — upon  the  movement  of  the 
governor-arm,  the  disposal  of  the  mass  of  this  body  is  immaterial. 
Turning  from  reduced  mass  back  to  the  actual  body,  we  see  that 
the  most  it  can  do  on  account  of  its  own  inertia  is  to  continue  to 
rotate  at  constant  velocity  while  the  wheel  speeds  up  or  slows  down. 
In  our  method  of  calculation,  we  get  the  resistance  of  the  governor- 
piece  to  acceleration  with  the  wheel  and  then  apply  this  as  an 
active  force  to  accelerate  the  arm  backward  in  the  wheel — with 
the  result  that,  so  far  as  torque  inertia  alone  is  concerned,  the 
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angular  velocity  of  this  body  remains  constant.  Giving  it  the 
usual  form  of  a  long  bar  with  heads,  or  making  its  "moment  of 
inertia  *'  large,  simply  increases  its  resistance  to  acceleration  by 
other  forces. 

The  example  in  Fig.  555  has  rather  poor  proportions,  because 
the  center  of  gravity  is  too  far  from  the  shaft  center  O  and  too 
near  the  pivot  P.  To  get  the  same  effect  with  a  small  pin-pressure, 
P  is  brought  nearer  to  O,  and  G  with  it;  and  to  compensate  for 
the  decrease  in  R  the  lever-arm  H  is  made  longer.  With  the 
proportions  here  used  the  friction  at  the  pin,  with  an  ordinary 
solid  bearing,  would  be  equivalent  to  from  15  to  20  lbs.  when 
reduced  to  the  path  of  E;  so  that  it  is  not  hard  to  see  where  any 
desired  amount  of  brake-force  can  be  got,  even  without  the  actual 
brake  which  is  sometimes  used. 

§  65.  Various  Special  Regulators. 

(a)  Combined  Speed  and  Pressuhe  Governor. — An  air- 
compressor  governor  like  that  in  Figs.  222  and  223  is  shown  in 
detail  by  Fig.  558.  In  its  mechanism  for  regulating  speed,  it  is  a 
good  representative  of  a  large  class  of  throttling  governors,  used 
on  small  engines  in  various  lines  of  service:  but  the  addition 
of  an  apparatus  for  controlling  by  air-pressure  calls  for  some 
special  points  in  the  arrangement,  to  meet  the  requirement  that 
either  device  shall  be  able  to  act  on  the  valve,  independently  of 
the  other. 

The  main  mechanism,  consisting  of  pulley-spindle  1,  hollow 
governor-spindle  2,  and  fly-balls  3,  3,  is  self-evident.  Through 
the  rod  4  and  the  intermediate  pieces  5  and  6,  the  valve  8  is  pushed 
down  when  the  balls  fly  out,  throttling  the  steam.  This  valve, 
being  of  the  piston  rather  than  of  the  double-seated  disk  form, 
is  perfectly  balanced,  so  that  the  very  light  stem  7  is  sufficient: 
and  the  cross-bar  below  the  valve  insures  that  it  shall  never  fall  so 
far  as  to  admit  steam  when  it  is  intended  to  be  closed.  Piece  5 
is  held  against  4  by  the  first  spring,  acting  through  lever  9;  sim- 
ilarly, 6  is  held  against  5  by  lever  12,  the  springs  both  having  a 
certain  share  in  determining  the  running-speed.   .From  the  top 
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of  6  a  small  pin  or  spindle  projects  into  a  central  hole  in  5,  to 
keep  these  parts  always  in  line. 

The  pressure-governor  consists  of  the  cylinder  18,  receiving 
the  air-pressure  at  C,  with  the  plunger  17  and  the  weighted  lever 


Fia.  658. — Gardner  Governor  for  Air-compressor. 

15  which  is  pivoted  at  D.  When  the  pressure  gets  to  the  desired 
maximum  and  raises  the  weight-arm,  the  knife-edge  on  the  upper 
end  of  16  pushes  against  the  outer  end  of  lever  12  and  closes  the 
valve.  The  stop-screw  19  can  be  set  so  that  steam  will  not  be 
quite  shut  off  by  this  action,  for  if  the  compressor  is  completely 
stopped,  it  may  be  in  a  position  from  which  it  will  not  start  when 
steam  is  again,  admitted. 
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This  last  possibility  is  much  greater  with  a  single  machine 
like  Fig.  222  than  with  a  duplex  compressor.  To  eliminate  such 
a  source  of  annoyance,  a  device  called  an  ^'unloader''  is  used 
when  circumstances  call  for  it.  Actuated  by  the  pressure  of  the 
discharged  air,  this  apparatus  removes  the  load  from  the  com- 
pressor-piston at  the  same  time  that  steam  is  nearly  shut  off  from 
the  steam-cylinder.  One  scheme  is  to  close  the  air-inlet,  so  that 
the  piston  moves  back  and  forth  against  a  low  variable  pressure ; 
another  opens  some  of  the  discharge-valves  at  both  ends,  so  that 
equal  high  pressures  are  maintained  on  both  sides  of  the  piston. 
In  either  case,  the  machine  continues  to  run  at  moderate  speed, 
ready  to  respond  at  once  to  a  drop  of  pressure  in  the  air-receiver. 

(b)  Safety  Stops. — The  ordinary  non-automatic  safety-stop 
for  an  engine  with  releasing  valve-gear  is  well  typified  by  the 
simple  device  shown  on  Fig.  461;  but  any  such  stop-ring  or  stop- 
pin  arrangement  has  the  decided  disadvantage  that  it  depends 
upon  fallible  human  nature  for  being  put  into  the  service-position, 
And  that  when  there  it  renders  the  engine  liable  to  a  summary 
shut-down  by  a  sudden  overload.  Since  breakage  of  the  driving 
belt  is  the  most  frequent  occasion  of  governor-stoppage,  the  usual 
scheme  for  making  the  safety-device  automatic  is  to  connect  it 
to  a  pulley  which  rides  on  the  governor-belt  as  in  Fig.  559.  At  I. 
is  sketched  a  stop  S  which  is  normally  in  position  to  support  the 
arm  L  on  the  governor-slide:  through  the  rod  R  it  is  connected 
to  a  lever  like  2  in  drawing  II.,  so  that  dropping  of  the  pulley 
will  throw  S  to  the  left,  and  let  the  governor  come  all  the  way 
down. 

In  Fig.  559 II.,  the  fall  of  pulley  3  moves  the  cam-rings  directly, 
without  waiting  for  the  governor  to  slow  down.  As  better  shown 
at  A,  the  bent  lever  6,  from  the  governor,  takes  hold  of  the  rocker 
5  with  a  spring-catch.  Against  the  push  of  the  trip-arms  upon 
the  cut-oflE  cams  (shown  in  direction  by  the  arrows),  6  pushes 
solidly  on  5;  but  if  the  pulley  drops,  the  slotted  bar  4  will  easily 
pull  the  pin  on  5  out  from  under  the  spring  on  6,  and  rotate  5  in  the 
left-hand  direction,  or  that  for  earliest  cut-off:  so  that  here  the 
•same  cams  serve  both  for  ordinary  cut-oflf  and  to  prevent  valve- 
opening  in  an  emergency.    Further,  since  a  moderate  pull  on  one 
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of  the  govemor-rodfl  will  thus  release  the  cam-system  from  governor- 
control,  the  engine  can  be  quickly  shut  down  by  hand  if  occasion 
arises. 


Fig.  669. — Safety-stops  for  Corliss  Engine«. 
II.  Reynolds-Corliss  (Allis-Chalmers). 

Another  type  of  speed-limit  consists  of  an  extra  stop-valve 
above  the  main  throttle,  controlled  by  a  special  governor — see 
Fig.  219.  The  valve,  usually  of  the  oscillating  plug  type,  like  a 
Corliss  engine-valve,  is  held  open  by  a  ratchet-detent,  against  the 
pull  of  a  weight  upon  an  arm  keyed  to  the  valve-spindle.  If  the 
speed  rises  to  the  maximum  for  which  the  second  governor  is  set, 
the  ratchet  is  released  and  steam  is  shut  ofif  instantaneously.  This 
stop-valve  is  arranged  to  be  thrown  by  hand  also;  and  if  with  it 
there  is  a  vacuum-breaker,  to  open  the  condenser  to  atmospheric 
pressure,  the  fullest  control  for  quick  stoppage  is  secured. 

Similar  to  the  last  device  in  general  prmciple  is  the  independent 
safety-stop,  which  can  be  mounted  on  any  engine,  to  shut  the 
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main  throttle-valve  in  emergency.  In  one  quite  common  device, 
a  weight  is  hung  on  a  band  wrapped  upon  a  small  drum;  the 
spindle  of  this  drum  is  connected  by  sprocket-wheels  and  a  chain 
to  the  valve-spindle;  and  the  drum  is  held  by  a  ratchet-pawl  which 
can  be  thrown  out  by  means  of  an  electro-magnet.  Push-buttons, 
located  wherever  convenient,  make  it  possible  to  stop  the  engines 
from  various  points  in  the  engine-room  or  in  the  factory. 


Fro.  66(X — Reversing-gear  for  Engine  in  Fig.  221. 

(c)  Reversing-gears. — On  large  reversing-engines,  as  in  roll- 
ing-mill, hoisting,  and  marine  service,  the  link-motion  must  be 
moved  by  mechanical  power;  the  first  class  mentioned  presents 
the  most  severe  conditions,  because  the  engine  has  to  be  quickly 
reversed  and  at  very  short  intervals.  The  gear  belonging  to  Fig. 
221  is  shown  in  Fig.  560:  it  is  moved  by  the  steam  cylinder  I. 
and  held  by  the  hydraulic  cylinder  II.  The  main  valve-gear, 
pieces  1  to  6,  needs  no  description;  rocker  7  is  heavily  counter- 
balanced at  the  left.  The  secondary  valve-gear  begins  with  the 
hand-lever  10,  pivoted  at  B,  which  moves  the  valve-rod  13  by 
means  of  the  floating  lever  12.  This  gear  is  of  the  self-centerin^r 
type;  as  lever  10  is  thrown  to  one  side  or  the  other,  it  carries  point 
C  with  it,  moving  the  small  piston-valves;  but  as  the  piston  on 
rod  9  moves  the  rocker  7,  the  rod  GF  brings  back  the  lower  end 
of  lever  12  so  as  to  return  the  valve  to  mid-position.  The  farther 
10  is  moved,  the  farther  will  the  pistons  move  before  the  valves 
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come  to  the  holding-position.  Cylinder  II.  acts  as  a  brake  and 
dash-pot,  to  keep  the  mechanism  from  moving  too  fast  and  to 
bring  it  more  or  less  quietly  to  rest,  and  as  a  holding  device,  to 
keep  it  in  the  desired  position — ^for  which  pmpose  an  elastic  fluid 
is  not  effective.  In  the  valve-chamber  of  the  hydraulic  cylinder, 
the  ends  and  the  middle  space  must  be  connected  by  side  passages: 
the  valve  simply  controls  the  flow  of  the  oil  (generally  used  rather 
than  water)  from  one  end  to  the  other  of  the  cylinder. 

A  typical  marine-engine,  direct-acting  reversing-gear  is  partly 
illustrated  in  Fig.  561,  the  view  including  only  the  steam-cylinder 
and  its  valve-gear.  Movement  of  the  controlling  hand-lever 
(located  as  most  convenient)  is  transmitted  through  rod  1  to  lever 

2,  pivoted  at  A.    This  lever,  acting  upon  a  nut  4  through  the  blocks 

3,  moves  the  valve-rod  up  or  down.  As  the  cross-head  H  rises  or 
descends,  it  turns  the  rod  5  by  means  of  the  long-pitch  helix  S„ 
and  thereby  screws  5  through  4  so  as  to  re-center  the  valve.  From 
pins  on  H  heavy  rods  run  to  a  crank-arm  on  the  reverse-shaft: 
above  H  is  a  hydraulic  cylinder  which  holds  the  whole  gear  in  any 
desired  position. 

In  many  marine  engines,  the  link-motion  system  is  moved  by 
a  little  engine,  which  acts  through  a  worm  and  wheel.  With  this 
latter  "  self -locking "  mechanism,  no  holding-device  is  needed; 
but  the  self-centering  idea  must  now  be  applied  to  the  throttle- 
valve  which  admits  steam  to  the  small  reversing-engine. 

id)  Indirect  Governing. — Fig.  562  illustrates  a  t3rpe  of 
arrangement  used  where  the  reaction  of  the  valve-gear  is  so  heavy 
that  a  very  powerful  governor  would  be  needed  to  withstand  this 
disturbing  force.  The  particular  device  here  showTi  belongs  to  an 
engine  with  the  Joy  valve-gear,  the  curved  "link"  being  dotted 
in.  The  governor  proper  merely  controls  tLe  little  valve  in  the 
chamber  detailed  at  A,  this  valve  determining  the  admission  and 
discharge  of  water  to  and  from  the  cylinder  C.  Note  that  this 
cylinder  moves,  while  the  plungers  P,  P  are  held  fast.  The  action 
of  the  whole  mechanism,  including  the  self-centering  feature  of 
the  valve-gear,  can  easily  be  traced  out;  to  get  the  desired  rela- 
tions, it  is  necessary  to  cross  the  pipes  from  the  valve-chamber  to 
the  plungers,  top  port  going  to  bottom  end  and  vice  versa.    The 
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valve  *(at  A)  is  made  with  small  positive  laps,  as  must  be  the  case 
in  any  such  device  when  the  function  of  holding  predominates 
over  that  of  moving. 

In  very  large  engines  of  the  releasing-gear  type,  as  Fig.  219  for 
instance,  this  same  general  method  is  used,  the  governor  acting 
through  a  small  hydraulic  cylinder.     It  is  necessary,  of  course, 


Fia.  561.— Part  of  Brown  Re-      Fia.  562.— Governor   for  Van   Vleck  En- 
vereing-gear,  for  Marine  En-  gine,  with  Joy  Valve-gear, 

gines. 


to  have  a  supply  of  water  under  pressure  to  furnish  the  motive 
power  for  the  actual  work  of  adjusting  the  valve-gear.  With  a 
light,  quick-running  governor,  this  whole  apparatus  need  be  no 
more  sluggish  than  the  heavy  governor  that  would  be  necessary 
for  direct  control. 
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(e)  Special  Gear  on  Pumping-engine. — In  the  valve-gears 
illustrated  in  Figs.  477  and  478  and  in  Fig.  480,  the  cut-off  is 
varied  by  raising  and  lowering  a  fulcrum-block  which  carries  an 
auxiliary  wrist-plate.  The  governing  mechanism  belonging  to 
the  first  example  will  now  be  described. 

,13 


Fig.  563. — Pressure-controlled  Governor   for  Snow   Pumping-engine  Gear, 

Fig.  477. 

In  Fig.  563,  1  is  the  fulcrum-block,  moved  and  held  by  screw  5, 
which  is  turned  by  the  ratchet-wheel  10.  The  pressure-governor, 
clearly  visible  just  below  the  throttle-valve  in  Fig.  477,  consists 
of  a  spring-loaded  diaphragm  and  a  system  of  levers  coming  down 
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to  the  piece  marked  15  in  views  B  and  D,  Fig.  563.  Excess  of 
pressure  lowers  15,  deficiency  of  pressure  raises  it.  Since  the 
pump  delivers  into  the  mains,  excess  of  pressure  indicates  that  it 
is  running  too  fast  and  should  be  checked.  Referring  to  Fig.  478, 
we  see  that  raising  block  1  makes  the  cut-off  later,  lowering  it 
makes  the  cut-off  earlier.  Therefore  the  mechanism  should  be 
so  arranged  that  block  1  will  go  up  or  down  with  15.  The  arrows 
marked  H  and  L  show  the  movements  due  to  high  and  low  pressure 
respectively. 

A  rod  from  the  main  wrist-plate,  engaging  the  spherical  pin  P, 
gives  a  continuous  oscillating  movement  to  the  lever  11,  and  to  the 
pieces  12  and  14.  The  three-arm  rocker  12  carries  the  two  pawls 
13  on  the  arms  12^,  while  12,  is  controlled  by  15.  In  view  B  everj-- 
thing  is  in  mid-position,  E  being  right  in  line  with  the  axis  on  which 
11  oscillates;  then  the  arms  on  14  hold  the  pawls  clear  of  the 
ratchet-wheel,  and  the  latter  is  not  moved.  In  view  D,  pressure 
has  fallen  off,  15  is  raised,  and  the  pawl  marked  L  engages  the 
wheel,  acting  to  raise  1  and  increase  the  speed  of  the  pump. 

Views  A  and  C  show  that  piece  14  can  be  moved  endwise  along 
the  spindle  9:  by  pushing  14  to  the  right,  against  10,  both  pawls 
are  held  out,  no  matter  what  the  position  of  15;  then  9  can  be 
turned  by  a  little  crank  on  the  hand-wheel  W,  so  as  to  get  any 
cut-off  desired.  If  14  is  moved  clear  to  the  left — the  little  holding 
spring  shown  at  C  being  pushed  back — both  pawls  engage;  then 
wheel  10  oscillates  with  11,  but  without  causing  any  net  movement 
of  block  1. 

Some  complexity  is  introduced  by  the  safety  devices.  A 
persistant  demand  for  more  power — as  when  the  governor  is  set 
for  a  high  water-pressure  and  the  boiler-pressure  gets  low — will 
bring  the  block  to  the  top  of  the  screw;  and  if  the  latter  were 
rigidly  driven,  something  would  have  to  break.  To  meet  this 
condition,  the  screw  is  driven  by  a  jaw-clutch,  made  up  of  collar 
6  keyed  to  the  screw  and  collar  7  keyed  to  spindle  8,  but  free  to 
rise  against  a  spring.  When  1  gets  to  its  upper  limit  (giving 
latest  cut-off),  the  sleeve  on  4  lifts  7  clear  of  6  and  the  screw  ceases 
to  turn.  Note  how  the  little  keys  or  teeth  on  7  are  slanted  on  the 
bottom,  so  as  to  insure  automatic  return  from  this  extreme  posi- 
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tion;  that  is,  1  will  rise  until  the  short  edge  of  the  tooth  just  slips 
out  of  the  slot;  as  soon  as  7  reverses,  it  will  engage  6  with  the 
longer  face  of  the  tooth,  and  turn  the  screw  back. 

As  to  downward  movement  of  1,  zero  cut-off,  or  failure  to  open 
the  valve,  is  reached  before  1  gets  to  the  bottom,  so  that  there  is 
no  need  of  a  releasing-device.  In  this  direction  acts  the  safety-stop 
for  speed,  intended  to  prevent  a  runaway  in  case  of  a  sudden 
failure  of  load,  as  by  the  bursting  of  a  pipe.  Block  1  is  not  itself 
threaded  for  screw  5,  but  the  thread  is  formed  only  on  the  partial 
nut  2,  held  between  the  caps  3  and  4.  Wedge  16  is  connected  to 
the  piston  of  a  small  cylinder  carried  on  1 — see  Fig.  564  I.  A 
fly-ball  governor  is  so  arranged  that  when  the  limit  of  speed  is 
reached,  the  weight  W,  Fig.  564  II.,  will  be  released  from  a  catch 


Fig.  564. — Detail  of  Speed-limit  Governor,  Snow  Gear. 

which  holds  it  up  and  will  fall  to  the  cushion  R.  In  falling  it 
opens  the  cocks  Ci  and  Cj.  The  pipe  to  C^  comes  from  a  jacket 
drain,  so  that  it  contains  water  under  the  boiler-pressure;  opening 
Ci  admits  this  pressure  to  the  cylinder  S,  pushes  down  the  wedge 
16  and  lets  block  1  drop  to  its  lowest  position,  shutting  off  steam 
from  the  engine.  At  the  same  time,  opening  C2  admits  air  to 
the  condenser,  "breaking  ''  the  vacuum.  Connection  to  cylinder 
S  is  made  by  means  of  swivel  joints  in  the  pipe. 

(/)  Governors  for  Marine  Engines. — The  marine  engine 
does  not  need  an  automatic  governor  to  r^ulate  its  ordinary 
running,  because  it  generally  works  against  a  steady  resistance. 
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and  receives  close  and  constant  oversight.  What  it  does  require 
is  some  device  that  will  control  a  sudden  burst  of  speed,  as  when 
pitching  of  the  ship  raises  the  propeller  partly  out  of  the  water, 
and  that  will  act  as  a  safety-stop  if  shaft  or  propeller  breaka  The 
ordinary  fly-ball  governor  is  not  well  adapted  to  this  service,  since 
it  will  be  disturbed  by  motion  of  the  ship,  and  must  control  in- 
directly, through  a  more  or  less  sluggish  mechanism:  although 
an  effective  safety-stop  can  be  secured  by  fastening  a  ratchet- 
toothed  ring  upon  the  engine-  or  propeller-shaft,  to  drive  a  mechan- 
ism which  will  close  the  throttle-valve  when  a  centrifugal  governor 
throws  in  the  pawl.  Attempts  have  been  made  to  govern  by  means 
of  the  variation  in  external  water-pressure  at  the  stem  or  by 
the  angular  position  (fore  and  aft)  of  the  ship — the  latter  by 
fitting  up  a  long  horizontal  pipe  with  risers  at  the  ends,  like  a 
gigantic  U  tube;  as  the  stem  rises,  water  in  this  pipe  will  rush 
forward  and  might  be  made  to  operate  a  governing  mechanism. 
It  need  hardly  be  said  that  these  devices  have  failed  to  meet  the 
requirement  of  promptness  and  reliability. 

The  Aspinall  governor,  now  to  be  described,  is  probably  the 
best  marine  governor  that  has  been  devised.  The  general  scheme 
is  shown  in  Fig.  565, 
where  the  governor  is 
seen  at  G,  mounted  on 
an  oscillating  lever  AB 
driven  by  the  cross-head 
— the  air-pump  lever  bein'^ 
used  when  the  pumps  are 
directly  connected.  The 
governor  acts  upon  the 
lever  L,  to  open  or  close 
the  special  ''butterfly" 
throttle-valve  V.  The  in- 
termediate lever  H  is  an 
essential  part  of  the  gear, 
because  it  makes  possible 
a  gravity-balance   of  the 


Fig.  565. — General  Arrangement,  Aspinall 
Governor  for  Marine  Engines. 


rods.      Very 
coupled  in  with  a  hand-control  system. 


often   the   governor   is 
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The  construction  of  the  governor  is  fully  shown  in  Fig.  566, 
where  the  working  parts  are  in  mid-position;    its  action  can  be 


FiQ.  566. — Aspinall  Governor. 

better  understood  with  the  help  of  Fig.  568.    The  normal-rimning 
position  is  given  at  Fig.  568  I.,  the  weight  W  being  down  and  the 


FiQ.  667. — Dynamic  Action  of  the  Aspinall  Governor. 

upper  pawl  P^  out:   then  lever  L  remains  down,  as  in  Fig.  565, 
and  the  valve  is  open. 
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The  governor  as  a  whole  has  very  nearly  the  same  vertical 
reciprocatmg  motion  as  the  engine-piston  (but  reduced  in  magni- 
tude); so  that  the  weight  W  is  subject  to  an  acceleration  and 
an  inertia-action  just  like  that  of  the  piston.  This  is  diagrammed 
in  Fig.  567,  on  the  stroke-line  at  I.,  on  the  developed-circle  or 
time  base  at  II.— refer  to  Figs.  125,  129,  169.  The  weight  W  is 
held  down  by  its  own  gravity-force,  laid  off  as  AM,  and  by  the 
spring-force  CA,  exerted  by  the  spring  Si.  Then  only  when  the 
inertiarcurve  rises  above  the  line  CD  is  there  an  unbalanced  upward 
force  to  lift  W  from  the  bottom  stop. 

The  curves  of  velocity  v  and  displacement  s  (of  W  with  respect 
to  the  body  of  the  governor)  are  derived  from  the  force-curve  by 
the  methods  used  in  Fig.  141,  which  are  essentially  the  same  as 
in  the  determinations  of  governor-adjustment  in  this  chapter. 
Intended  only  for  illustration,  these  ciures  are  drawn  without 
taking  accoimt  of  the  increase  of  spring-force  at  Si,  due  to  the 
lifting  of  W,  and  shown  by  the  dotted  curve  above  CD  in  Fig. 
667  II. 


FiQ.  568. — Operation  of  the  Governor. 

With  or  without  these  curves  of  dynamic  action,  it  is  easy  to 
see  that  th^re  will  be  a  limiting  speed  up  to  which  W  will  remain 
down,  as  in  Fig.  568  I.  If  the  speed  rises  above  this  limit,  W  will 
lift  a  little,  then  come  down  on  its  stop  with  a  knock.    As  the 


434  GOVERNORS  OR  REGULATORS.  [Chap.  X. 

speed  increases,  so  will  the  amplitude  of  the  movement,  imtil  W 
rises  far  enough  for  the  catch  C  to  engage  the  shoulder  on  the  head 
H  and  hold  the  weight  up  as  at  II.  This  throws  out  the  bottom 
pawl  Pj,  which  raises  L:  but  Fig.  567  makes  it  evident  that  W 
will  be  caught  before  the  main  lever  gets  to  its  lowest  position, 
so  that  P;j  will  have  to  slide  past  the  valve-lever  L.  As  shown  at 
III.,  the  arm-piece  A,  through  which  W  controls  Pj  and  Pj,  is  not 
fast  to  W,  but  is  held  by  a  spring,  being  kept  in  place  also  by  two 
lugs — ^the  action  of  this  flexible  connection  being  made  evident. 

The  weight  W  having  been  left  behind  and  caught  during  a 
down-stroke,  the  lever  L  is  raised  during  the  next  up-stroke  of 
the  piston;  but  as  the  governor  descends,  the  detent  D  is  pushed 
up,  releasing  H  from  C,  and  letting  W  drop;  then  at  the  beginning 
of  the  next  down-stroke,  Pj  will  catch  L  and  push  it  down.  In 
ordinary  working,  therefore,  this  governor  will  shut  off  steam 
from  the  engine  for  one  revolution,  or  two  strokes,  at  a  time.  In 
a  multiple-expansion  engine,  however,  the  action  does  not  cause 
the  same  wide  fluctuation  in  power-development  that  would  be 
produced  in  a  simple  engine. 

The  emeigency-stop  device  consists  of  a  little  weight  marked 
E,  which  is  normally  held  down  by  the  round-end  pins  at  K,  one 
pushed  out  by  a  light  spring  at  S^.  If  the  engine  nms  away,  this 
weight  will  be  flimg  up  from  the  full-line  position  E  to  E'  (on  Fig. 
568  II.),  propping  up  H,  and  staying  there  till  it  is  released  by 
hand. 

During  the  few  revolutions  that  the  engine  will  now  make 
after  steam  is  shut  off,  the  detent-arm  D  will  have  to  slip  past  L, 
both  up  and  down;  which  is  the  reason  why  D  is  pivots  on  C 
instead  of  being  fast  to  it.  Note  that  the  spring  S,  is  so  placed  as 
to  resist  displacement  of  D  in  either  direction. 
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APPENDIX  TO  CHAPTER  X. 

THE  MOMENT  OF  CENTRIFUGAL  FORCE. 

The  general  case  of  a  body  rotating  as  in  the  fly-ball  governor 
is  set  forth  in  Fig.  669,  where  OY  is  the  axis  of  rotation  and  the 
body  AB  is  capable  of  turning,  in  the  plane  of  the  drawing,  about 

Y 


Fig.  569. — Moment  of  the  Centrifugal  force. 

some  point  on  the  line  OX.  The  co-ordinates  R  and  H  are  respect- 
ively the  rotation-radius  and  the  moment-arm  of  the  whole  mass, 
at  the  center  M.  The  centrifugal  force  of  any  particle  m  at  radius 
r  is 

and  its  moment  about  any  point  on  OX  is 

Taking  d=*l  for  simplicity,  we  have  that  the  whole  body,  of  the 
mass  M^Im,  is  subject  to  the  moment 


T-^It=-Imrh. 


From  the  figure 


r=R+x,        h^H-^y] 
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therefore 

t^m(R-hx)(H-hy); 
T^ImRH-^ImxH-hlmyR-hlmxy 
=^MRH-hIm3^; (365) 

the  summations  Jmx  and  2my  both  coming  to  zero  because  the 
origin  of  x  and  y  is  at  the  center  of  mass. 

For  the  expression  2mxy  the  title  "double  moment "  seems  to 
be  fitting;  and  its  determination  is  a  problem  of  the  same  order 
as  the  finding  of  "  moment  of  inertia  ",  Imy^  or  Imr^.  The  simplest 
cases  are,  First,  any  body  symmetrical  with  reference  to  the  two 
co-ordinate  axes,  for  which  ^mxy  is  zero;  Second,  the  straight 
slender  bar,  with  its  center-line  passing  through  a  center  of  turn- 
ing on  the  rotation-axis,  like  the  arm  2  in  Fig.  537,  for  which 
x=ay  OT  Imxy = a  X  Imy^, 

General  graphical  methods,  based  on  the  fact  that  the  locus 
of  a  particle  having  the  constant  centrifugal  moment  mrh  is  an 
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Fig.  570. — Moment  of  Centrifugal  Force  in  the  Shaft-governor. 

equilateral  hyperbola  referred  to  OX  and  OY  on  Fig.  569,  can 
easily  be  developed;  but  lack  of  space  and  the  small  importance 
of  the  subject  forbid  their  presentation  here.  When  the  ball- 
weight  is  very  large  in  comparison  with  the  arm  that  carries  it,  as 
in  Fig.  537,  the  error  due  to  finding  the  centrifugal  moment  as  if 
for  the  real  center  of  mass  is  insignificant;  but  with  the  weight-arm 
belonging  to  the  high-speed  governor  in  Fig.  489,  where  the  ball 
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is  relatively  small,  the  true  moment  was  found  to  be  about  33 
per  cent,  greater  than  that  got  by  concentrating  the  mass  at  the 
center  of  gravity.  It  appears,  then,  that  in  some  cases  neglect 
of  this  effect  would  introduce  a  considerable  element  of  imcertainty 
into  the  design  of  the  governor. 

It  is  of  interest  to  prove  that  in  the  shaft-governor  no  such 
secondary  effect  exists  as  that  which  has  just  been  discussed.  In 
Fig.  570,  O  is  the  center  of  rotation  and  P  the  pivot-point  for  an 
arm  whose  center  of  mass  is  at  M.  For  a  particle  at  m  the  moment 
about  P  due  to  centrifugal  force  is 

t^mdhh. 

The  useful  geometrical  relation  is 

A=PD+Db=tf^±^+i2o^, 
T  ®  r' 

determined  by  the  similarity  of  the  triangles  OmN,  PBD,  and  OBE, 
right-angled  at  N,  D,  and  E  respectively.    Then,  for  0^1, 

by  summation  this  gives 

T=It^  MRH + ImxH + ImyR^ 
^MRH. (366) 


CHAPTER  XI. 
STEAM-ACTION  IN  THE  MULTIPLE-EXPANSION  ENGINE. 

§  66.  Simplest  Conditions:  the  Receiver-pressure  Constant. 

(a)  General  Conditions. — ^The  principles  fundamental  to  this 
discussion  of  steam-action  are  developed  in  §§  15,  17, 18,  and  19; 
general  ideas  about  compoimd  engines  are  briefly  set  forth  in 
§  22  (6)  and  (c);  and  we  are  now  to  work  up  what  is  rather  the 
83nithetical  side  of  the  matter  for  which  methods  of  analysis  are 
gjiven  in  §  23.  At  first  considering  the  subject  in  its  simplest 
possible  form,  we  shall  neglect  all  secondary  influences,  and  get 
the  major  effects  alone  by  making  the  conditions  of  working  the 
same  as  those  which  determine  the  simple  ideal  diagram  of  Figs.  26 
and  29.    These  conditions  are: 

1.  There  are  no  losses  of  pressure  on  account  of  steam-pas- 
sages or  valve-action,  so  that  the  diagrams  have  sharp  comers  at 
cut-off,  release,  etc. 

2.  All  operations  of  expansion  and  compression,  as  also  the 
mixing  of  different  bodies  of  steam,  take  place  under  the  law 

3.  Only  the  action  of  the  working  steam  is  to  be  taken  into 
account.  This  requires  the  assumption  that  the  cylinders  have 
no  clearance-volumes,  and  that  the  receiver  is  so  large  that  no 
sensible  fluctuation  in  pressure  will  be  caused  by  the  alternating 
inflow  and  outflow  of  steam. 

The  whole  discussion  to  follow  will  be  based  chiefly  upon  the 
two-stage  or  "  compoimd"  engine:  methods  aad  relations  developed 
for  this  type  can  easily  be  extended  to  cover  the  more  complicated 
arrangements. 
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As  to  the  general  manner  of  treatment,  it  must  be  understood 
that  the  mathematical  method  has  a  very  limited  field  of  use- 
fulness in  connection  with  this  subject,  serving  effectively  only 
for  the  deduction  of  a  few  fundamental  relations  between  the 
principal  quantities  involved  in  the  working  in  the  engine.  On 
the  least  departure  from  the  primary,  ideal  case  just  outlined, 
the  graphic^  method  becomes  the  only  one  that  is  practically 
useful.  And  back  of  any  discussion  along  the  lines  of  simple 
theory  lie  a  number  of  secondary  actions,  whose  effect  and  mag- 
nitude can  be  found  or  estimated  only  by  experience — that  is, 
by  the  study  of  indicator  diagrams  from  actual  engines. 

(6)  The  Engine  with  Infinite  Receiver. — This  heading 
expresses  with  mathematical  exactness  the  idea  of  receiver-effect 
just  set  forth  imder  condition  3.  Practically,  it  means  that  the 
pressure  in  the  receiver,  which  determines  the  common  line  of 
exhaust  from  the  high-pressure  cyUnder  and  of  admission  to  the 
low-pressure,  is  to  remain  constant  so  long  as  the  total  rate  of 
flow  through  the  engine  is  constant.  Then  the  ideal  diagrams 
(which  more  or  less  closely  circumscribe  those  actually  drawn  by 
the  indicator)  take  the  form  shown  in  Figs.  574  and  575,  where 
ABCHJ  and  JDEFG  coincide  along  the  horizontal  line  JH.  In 
both  these  figures  the  heavy-line  diagrams  marked  by  the  subscript 
2  are  supposed  to  correspond  with  the  best  working  of  the  engine, 
at  its  proper,  rated  load. 

^  Under  the  assumption  that  pv==C,  and  since  the  same  quantity 
of  steam  passes  through  both  cylinders,  we  have  that  the  individual 
expansion-curves  BC  and  DE  must  be  parts  of  one  continuous 
equilateral  hyperbola,  with  its  origin  at  M.  Usually,  however,  the 
total  expansion  is  broken,  by  the  drop  from  C  to  H,  with  a  loss 
from  the  disposable  work  of  an  amount  represented  by  the  area" 
CHD.  This  receiver-drop  is  analogous  to  that  at  the  final  release; 
and  the  argument  against  complete  expansion,  given  in  §  17  (rf), 
applies  with  equal  force  to  the  high-pressure  cylinder.  But 
while,  for  the  best  results  in  the  mechanical  sense,  CH  ought  not 
to  be  less  than  the  reduced  mean  friction  of  the  high-pressure 
engine,  an  exaggerated  drop  may  cause  a  great  loss  in  efficiency — 
as  is  exemplified  by  the  diagrams  marked  3  and  4  on  Fig.  574. 
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On  the  other  hand,  note  how,  with  the  earliest  cut-off  at  Bi,  the 
expansion-curve  BiCi  drops  below  the  exhaust-line  JiHi,  forming 


Fio.  574. — Diagrams  Showing  IkfiaX  Division  of  Work,  with  variation  in  the 
cut-off  in  both  cylinders. 

the  negative-work  loop  DiCiHi,  just  as  in  a  simple  engine  under 
similar  conditions,  and  with  a  corresponding  loss  in  efficiency. 

(c)  Division  op  Work  between  the  Cylinders. — The 
quantity  of  steam  admitted  to  the  engine  having  been  fixed  by  the 
H.P.  cut-off,  the  receiver-pressure  and  the  division  of  work  between 
the  cylinders  are  determined  by  the  L.P.  cut-off.  To  increase 
the  proportion  of  work  done  in  the  L.P.  cylinder,  its  cut-off  must 
be  made  earlier,  and  vice  versa,  as  can. easily  be  seen  from  the 
diagrams.  That  is,  variation  in  a  cut-off  which  thus  determines 
admission-pressure  (in  the  L.P,  cylinder)  has  just  the  opposite 
effect  to  variation  in  a  cut-off  which  determines  quantity  of  steam 
admitted. 

A  requirement  very  often  imposed  upon  a  compound  engine  is, 
that  the  total  work  done  shall  be  equally  divided  between  the 
two  cylinders.  This  requirement  is  met  in  every  one  of  the  four 
cases  shown  on  Fig.  574,  each  area  ABCHJ  being  made  equal  to 
the  corresponding  JDEFG  (coincident  subscripts  understood).    It 
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is  interesting  to  note  how,  under  this  condition,  the  L.P.  cut-off 
varies  with  the  H.P.  Here  D  has  a  somewhat  wider  range  over 
the  stroke-line  MN  than  has  B  on  AP,  and  D  is  always  later  than 
B.  It  is  evident  that  the  exact  relation  between  these  two  cut- 
offs must  be  largely  dependent  upon  the  cylinder-ratio. 

Fig.  574,  with  coincident  change  in  both  cut-offs,  stands  for 
one  type  of  relative  valve-action;  the  other  type  is  illustrated 
by  Fig.  575,  where  the  L.P.  cut-off  is  kept  constant.    With  equal 


Fig.  675. — Constant  Cut-off  in  the  Low-presBiire  Cylinder. 


division  for  the  middle  curve,  it  is  made  apparent  that  the  H.P. 
cylinder  takes  the  larger  share  of  a  smaller  load,  the  smaller  share 
of  an  increased  load.  Over  against  this  variation  in  division  is 
the  advantage  that  the  receiver-drop  loss  does  not  rapidly  in- 
crease with  the  load  as  it  does  in  Fig.  574. 

(d)  The  Case  of  Complete  Expansion. — The  simplest  rela- 
tions as  to  work-division  exist  imder  the  conditions  represeated 
by  Fig.  576  I.  There  is  complete  expansion  in  each  cylinder, 
including  the  last,  and  (for  a  three-stage  engine)  the  total  area 
ABCD  is  divided  into  three  equal  parts  by  the  horizontal  lines 
EF  and  GH.  Following  §  17  (e)  and  using  the  subscripts  1, 
2,  3,  and  4  to  designate  pressures  and  volumes  at  the  four 
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critical  points  B,  E,  G,  and  G,  we  have 

Area  ABEF  or  iii-PivJ  l+Ioge^j-ftv, 

"pvlog.ri, (371) 

letting  pv  stand  as  a  general  value  for  the  curve  BG.    Similarly, 

FEGH=ilj«pt;  log^r,;        HGCD-il,«pt?  log.r,. 

For  equal  partial  areas  A^,  Aj,  and  A^  the  individual  expansion- 
ratios  must  be  equal,  or 

Vx     V2     Vj       ' 

further,  the  total  ratio  R  or  vjvi  will  evidently  be  the  product 
ot  fi,  Tj,  and  r,:  wherefore,  in  this  case,  B=r';  or  in  general, 
for  n  stages, 

R^r^ (372) 


MJ     K  L  M*  N  N' 

Fia  576. — Complete  Expansion  and  the  Introduction  of  Terminal  Drop. 

With  complete  expansion  therefore,  or  under  the  condition 
that  the  total  volume  of  each  cylinder  is  equal  to  the  cut-ofif  volume 
of  the  next  lower  cylinder,  the  ratio  of  expansion  in  each  cylinder. 
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here  identical  also  with  the  ratio  of  successive  cylinders,  will  be 
the  nth  root  of  the  total  ratio  of  expansion.  In  Fig.  576,  for 
instance,  the  value  of  r  is  3,  and  that  of  R  or  DC/AB  is  27. 

The  first  modification  from  this  wholly  ideal  case  is  shown  at 
II.  in  Fig.  576.  The  expansions  are  cut  short  at  the  volumes 
indicated  by  dotted  lines  on  I. ;  and  to  equalize  areas  the  cutoffs  are 
moved  up  a  little  in  stages  2  and  3,  raising  the  receiver-pressures 
above  the  original  levels,  which  are  dotted  in  on  II.  Usually, 
the  amount  cut  from  the  last  stage  is  relatively  much  greater  than 
from  the  earlier  stages. 

(e)  Mathematical  Relations  for  the  compoimd  engine,  as 
represented  by  Figs.  574  and  575,  will  now  be  deduced — using  the 
subscripts  as  indicated  on  the  figures,  with  0  for  the  exhaust-pres- 
sure. The  fundamental  equation,  embodying  the  assumption 
that  the  condition  pv^C  is  maintained  throughout  the  operation, 
is 

PiVi^PiVi^Pn^s^PiV, (373) 

For  the  areas  we  have 

ABCm^A,^T^v(l+lo^,^\-p^V2;    .    .    .    (374) 

JDEFG=^-jn;A+loge^')-Poi;,.    .    .    .     (375) 

Equating  and  dividing  by  pv,  using  the  particular  values  in  (373) 
as  convenient,  we  get 

log. -'--'= log.  ^-2o (376) 

If  there  is  to  be  no  receiver-drop,  or  if  i?8=t?2;  and  if  further 
we  let  t;i=jBr4,  this  becomes 


or 
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whence 

^2«vTjanti-log(l-^)«C\/^.  .    .    .     (377) 

This  E  is  the  reciprocal  of  R  above;  the  cylinder-ratio  vjv^  is  no 
longer  the  square  root  of  R,  but  it  is  proportional  to  that  root 
according  to  a  factor  which  depends  upon  the  ratio  of  final  pres- 
sure-drop, 7>o/P4' 

If  instead  of  making  i?8=t?2,  we  allow  a  certain  proportion  of 
receiver-drop  by  letting  v^=nv2  (which  makes  P2='np^,  n  being 
greater  than  one);  the  formula  becomes 

Example  I.  Let  pi»100  lbs.  and  po'^2.5  lbs.;  take  v^  to  be  1.00; 
for  P4-IO  lbs.  or  r,«0.1  and  n  =  l.25,  find  v„  or  the  size  of  the  H.P* 
cylinder  for  equal  work-division. 

Here 

--^--0.80-0.25-0.55. 
n     p. 

To  get  the  common  log,  divide  by  2.3026,  which  gives 

0.55 -^  2.3026  =0.23886. 
Then,  with  E  =0.1, 

"- V  Ir^'^^^l^TSS  =  V0386 -0.3723; 
v^     \1.25  ' 

and  v,  - 1.25  r,  =0.4654. 

Without  receiver-drop,  or  with  i;,  -i?„  we  should  get  from  (377), 


•-V0.1X2.117 -0.4592. 

In  Figs.  574  and  575  the  overall  proportions  are  the  same  as 
in  the  above  example,  and  the  cylinder-ratio  is  Vj/t;,^  0.333. 
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For  Case  2  this  makes  the  drop  about  31  per  cent,  (of  pj),  or  gives 
n  the  value  1/0.69=1.45,  and  fixes  v^v^  at  0.48  for  equal  work- 
division.  Comparing  this  0.48  with  the  values  0.465  and  0.459 
above,  we  see  the  important  fact — evident  also  from  a  mere  in- 
spection of  the  diagrams — that  for  a  given  admission-volume  Vi 
in  the  first  cylinder,  there  can  be  quite  a  wide  variation  in  the 
cylinder-volume  Vj  with  only  a  small  effect  upon  either  the  total 
work  or  the  L.P.  cut-off  i?,  which  will  keep  the  division  equal. 
Until  the  receiver-drop  becomes  quite  large,  it  is  the  only  element 
that  is  much  affected  by  thus  varying  Vj. 

We  have  therefore  the  important  practical  conclusion  (from 
the  whole  discussion  up  to  this  point),  that  the  principal  element 
in  determining  work-division  is  the  receiver-pressure.  As  the 
first  step  in  the  layout  of  preliminary  diagrams  for  a  proposed 
engine  which  is  to  have  reasonably  full  expansion  in  the  upper 
stage  or  stages,  this  pressure  (or  the  corresponding  volume)  can 
be  closely  enough  calculated  by  the  method  of  Eq.  (377):  then 
the  succeeding  steps,  in  the  direction  of  closer  approximation  of 
the  diagram  toward  the  actual  form,  are  matters  for  graphical 
rather  than  mathematical  determination. 

As  an  instance  of  the  limited  utility  of  the  mathematical 
method,  we  may  consider  the  problem  involved  in  drawing  Fig. 
574,  where,  with  an  assumed  cylinder-ratio,  the  two  areas  are 
to  be  made  equal.  To  find  r,,  we  should  put  Eq.  (376)  into  the 
form 

'^•^^•«^-^^;'  •  •  •  •  •  ^'''^ 

collecting  the  known  terms  into  the  right-hand  member.  With 
i?3  thus  involved,  the  equation  can  be  solved  only  by  a  trial  method, 
which  is  at  least  as  much  trouble  as  to  find  the  exact  location  of 
the  division-line  JD  by  means  of  successive  measurements  with 
the  planimeter. 

(/)  The  General  Case  op  Work-division. — One  more  mathe- 
matical deduction  finds  place  properly  at  this  point,  to  cover  the 
case  presented  by  Fig.  577.  Here  the  area  A^  is  not  equal  to  A^y 
but  bears  to  it  the  definite  relation  expressed  by  the  factor  q  in 
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the  equation 

PiVi(l+log.^^-p,v^^q^p,v,f^l+\og^^^  .   (380) 

Very  often  the  average  value  of  the  steam-measure  pv  is  not  the 
same  in  the  lower  stage  as  in  the  higher — in  an  unjacketed  engine 
it  is  usually  less,  because  of  increased  cylinder-condensation.  To 
represent  such  a  condition  we  change  Eq.  (373)  to 

Pi!?i=|>2Va'=mp3V3«mp,t;, (381) 

Now  defining  the  receiver-drop  as  for  Eq.  (378)  by  the  relation 

Pi'^^Psf    whence    ^i^f^i^ 

and  again  letting  v^^^Ev^,  we  get  from  (380),  through  division  by 
P»^it  Pi%}  or  P{^J'^i  the  equation 

This  transforms  to 


m 


or 


--a)"(^"-=-'--(=)'(D'-«' 

'^(i)"(s)*©""-'— ^^•  •  •  « 


Example  2.  In  Fig.  577,  Ai-40  per  cent.,  A, -60  per  cent.,  of  the 
total  effective  area,  or  g— J;  the  receiver-drop  is  one-sixth,  or  n«f ; 
of  the  product  pv,  10  per  cent,  is  lost  in  passing  to  the  lower  stage,  or 
m^^\  the  ratio  of  initial  cut-off  is  ^— A;  and  the  final  pressures  are 
p^-S  lbs.,  po-'2  lbs.,  which  makes  the  initial  pressure  8X16XY" 
142.2  lbs. 
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Using  Eq.  (382)  with  these  data,  we  get 

log.  IGVlOSJ/^')  ^  -0.6667-1.1111  +0.0259  -0.1667 

;    -0.314S. 

v,_/       1.3700      \A_Qgo5o 
V,     V21.77X  1.0524/        ^•''^• 

Fig.  577  is  laid  off  with  this  ratio  of  AP  to  AE,  and  the  measured  areas 
check  up  to  the  assumed  value  of  q.     For  a  purely  graphical  determin- 
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Fio.  577. — ^A  General  Problem  in  Work-division. 

ation,  we  should  have  to  note  that  as  CH  moves  sidewise,  H  will  travel 
along  a  hyperbola  below  BC,  located  by  the  ratio  n:  then  it  would  be 
easy  to  draw  coincident  CH  and  JD  lines  and  measure  areas,  until  the 
desired  proportion  was  secured. 

As  to  the  division  of  work  in  the  above  example,  it  is  such  as 
might  be  desired  in  a  three-cylinder  compound  engine — ^giving 
the  H.P.  cylinder  40  per  cent,  and  each  of  the  L.P.'8  30  per  cent, 
of  the  total  work,  and  the  whole  method  would  apply  equally  to 
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the  problem  of  dividing  up  the  total  expansion  in  a  three-  or 
four-stage  engine. 

(g)  General  Conclusions. — Some  of  the  following  statements 
are  repetitions,  all  of  them  are  quite  evident  conclusions  from  the 
diagrams  and  formulas  that  have  been  presented — chiefly  from 
the  diagrams. 

A.  The  fundamental  data  for  any  steam-operation,  the  leading 
dimensions  of  the  cycle  as  a  whole,  are 

Pi = admission-pressure; 
p^= pressure  at  end  of  expansion; 
Pp=  exhaust-pressure; 
^4/^1= total  ratio  of  expansion. 
To  find  whether  p^v^^PiVi,  or,  more  generally,  how  the  steam- 
measure  pv  in  the  L.P.  cylinder  compares  with  the  pv  in  the  H.P. 
cylinder,  is  one  of  the  principal  objects  in  combining  actual  indi- 
cator diagrams — as  pointed  out  in  §  23. 

B.  In  a  compound  engine  with  a  given  cylinder-ratio,  the 
variable  elements  of  the  cycle  are 

1.  The  load  on  the  engine; 

2.  The  total  ratio  of  expansion,  as  fixed  by  the  H.P.  cut-ofif ; 

3.  The  L.P.  cut-ofif; 

4.  The  exhaust-pressure. 

C.  With  the  load  constant,  the  work  done  in  the  H.P.  cylinder 
is  increased 

By  making  the  L.P.  cut-off  later; 

By  raising  the  boiler-pressure:  this  slowly  decreases  pv  or  the 
amount  of  steam  admitted  to  perform  a  given  total  amount  of 
work  per  revolution;  but  it  adds  to  the  H.P.  diagram,  by  raising  the 
admission-line  and  lowering  the  exhaust-line,  more  rapidly  than 
it  subtracts  by  drawing  inward  the  expansion-curve: 

By  raising  the  exhaust-pressure:  this  subtracts  more  from  the 
bottom  of  the  L.P.  diagram  than  is  added  on  account  of  the  increase 
in  pv  and  the  corresponding  rise  in  the  receiver-pressure. 

D.  In  a  given  engine,  the  preservation  of  an  equal  division  of 
load  requires  that  the  L.P.  cut-ofif  shall  vary  with  the  H.P.,  and 
in  the  same  direction.      If  the  L.P.  cut-ofif  is   left  constant, 
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increasing   the   load    increases   the   share  taken   by   the   L.P. 
cylinder. 

E.  In  proportioning  an  engine,  with  a  view  to  a  certain  division 
of  power  and  a  reasonable  relative  amount  of  loss  by  receiver-drop, 

The  H.P.  cylinder  must  be  relatively  smaller  as  the  total  ratio 
of  expansion  is  greater: 

With  a  fixed  L.P.  cut-ofif  and  with  a  constant  amount  of  steam 
admitted  to  the  H.P.  cylinder  per  revolution,  the  volume  of  the 
H.P.  cylinder  can  be  varied  over  quite  a  range  with  comparatively 
little  effect  upon  the  division  of  work,  but  with  a  great  influence 
upon  the  receiver-drop — compare  (c),  under  Example  1: 

If  the  L.P.  cut-off  is  varied  in  a  proper  *  relation  to  the  size 
of  the  H.P.  cylinder,  making  the  latter  larger  gives  it  a  larger 
share  in  the  power  developed. 

§  67.  The  Direct-expansion  Engine. 

(a)  The  Engine  with  No  Receiver. — In  approaching  the 
actual  engine,  from  the  ideal  case  just  discussed,  we  b^in  with 
the  t3q)e  farthest  from  the  engine  with  "infinite"  receiver,  and 
take  up  first  that  which  has  no  receiver  at  all — for  one  strong 
reason,  because  the  relations  as  to  volumes  are  so  much  simpler 
when  the  strokes  are  simultaneous,  and  this  is  the  simplest  case 
under  that  type  of  arrangement.  Still  assuming  that  the  clearance- 
volume  is  zero  and  the  valve-action  ideal,  we  get  the  operation 
represented  in  Fig.  678.  When  the  high-pressure  expansion  ends, 
at  C,  communication  is  opened  to  the  large  cylinder;  and  during 
the  whole  of  the  return  stroke  the  intermediate  valve  must  be  kept 
open — see  the  arrangement  in  Fig.  269.  Since  the  L.P.  piston 
is  so  much  the.  larger,  there  is  expansion,  from  Vj  at  the  beginning 
to  v^  at  the  end  of  this  return  stroke,  with  a  drop  in  pressure  shown, 
for  the  H.P.  cylinder,  by  the  curve  CE'.  The  total  volume  in- 
creases just  as  if  a  single  piston  of  the  area  (A^—A^)  started  from 
a  position  where  the  volume  back  of  it  was  V2  and  travelled  through 
a  distance  equal  to  the  stroke  of  the  engine — this  being  the  result- 

*  That  is,  80  as  to  keep  the  proportion  of  receiver-drop  about  constant. 


450 


THE  MULTIPLE-EXPANSION  ENGINE.        [Chap  XI. 


ant  of  a  loss  due  to  the  return  of  the  H.P.  piston  of  area  Ai  and  of 
a  gain  due  to  the  advance  of  the  L.P.  piston  A,. 

There  are  several  ways  of  representing  the  steam-action  in  the 
low-pressure  cylinder.  Laid  off  on  the  same  stroke-line,  the  L.P. 
diagram  will  fit  under  the  H.P.  diagram  in  the  form  CE'GS — as  it 
w^ould  be  drawn,  for  instance,  if  the  same  indicator  were  connected 


578.^The  Engine  with  No  Receiver. 


to  both  cylinders  by  suitable  piping,  and  both  diagrams  were 
taken  with  the  same  spring  and  on  the  same  paper.  Brought  to 
a  common  scale  of  volume,  so  as  to  represent  work  in  the  proper 
relative  proportion,  this  diagram  becomes  DEFG,  with  the  over- 
lap DE'U  just  equal  to  the  apparent  deficiency  CEU.  To  show 
clearly  the  continuity  of  the  expansion,  it  is  best  to  change  DEFG 
to  the  equivalent  form  E'CEFG:  then  the  curve  CE'  divides 
the  whole  area  into  respective  parts,  as  does  the  horizontal  line 
of  receiver-pressure  in  the  preceding  figures.  At  any  pressure 
QJ,  the  total  steam- volume  is  JjH;  and  if  Jfii  is  the  volume  in 
the  small  cylinder,  then  that  in  the  large  cylinder,  or  JjH,,  must 
be  the  same  as  H^H. 

Since  change  of  volume  during  the  intermediate  expansion  is 
proportional  to  the  travel  of  either  piston,  the  curves  CE'  and  DE 
are  simple  hyperbolas,  which  can  be  drawn  with  reference  to  a  fixed 
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origin,  in  the  usual  manner.  To  find  the  origins,  we  note  that 
either  base-line,  QM  or  MN,  now  represents  a  volume-change  of 
the  amount  (V,— Vj):   then  for  Oj  we  make 

QO,=x,=QMp-^^ (383) 

and  for  0, 

MOj^x^^UN    ^'  (384) 

(b)  Mathematiqal  Relations. — ^The  division  of  area  between 

the  two  partial  diagrams  can  be  most  easily  calculated  as  follows: 

For  the  whole  figure  ABCEFG,  the  mean  effective  pressure  is 

Pi ^-T ^-Po (385) 

And  for  the  low-pressure  diagram  DEFG,  on  the  base  MN,  the 
M.E.P.  is  the  same  as  that  of  the  figure  CEFS  on  the  base  QN, 
oris 

1  ^4 

P2V2loge-7 
P2 --P. (386) 

For  equal  work-division,  2P3=  Pj,  or 

Example  1.  In  Fig.  578,  »4  =  1.00,  Vi-iO.lO,  p^-lO,  p,-2.5.     To 
find  V,  we  have 

^log,"-i-^^^-^,^^"-^^-1.7763. 

For  t;,=0.3,  1/0.7     Xlog  3.333  =  1.429X1.2040-1.720; 

For  V2  =0.25,  1/0.75  X  log  4.000  =  1 .333  X 1 .3863  =  1 .848 ; 

Fori;2=0.28,  1/0.72  Xlog  3.571  =1.389X1.2729  =  1.768; 

For  173=0.275,  l/0.725Xlog  3.636  =  1.379X1.2909-1.780. 


whence 
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Evidently,  0.277  would  be  the  correct  result,  with  sufficient  accuracy. 

Graphically,  it  would  be  a  simple  matter  to  draw  CQ  in  successivd 
positions  until  the  mean  height  of  CEFS  was  found  by  measurement  to 
equal  half  the  mean  height  of  ABEFG. 

(c)  Ideal  Action  with  Receiver. — ^This  type  of  engine, 
properly  the  next  in  order,  is  illustrated  in  Fig.  579,  where,  with 
assumed  proportions,  three  different  initial  cut-offs  are  investigated. 
In  discussing  this  or  any  similar  case,  we  use  the  general  symbols 
p  and  V  with  subscripts  referring  to  the  several  numbered  points; 
for  the  fixed  volumes  we  use  capital  letters,  with  subscripts  to 
designate  quantities  belonging  to  the  respective  cylinders.    Thus 

71= volume  of  high-pressure  cylinder; 
Vj^  volume  of  low-pressure  cylinder; 
i?= volume  of  receiver. 

For  the  important  ratios  the  symbols  are, 

ei=t?i/t?3=H.P.  cut-off; 
e2==v^„/vj=L.F.  cut-off; 
E-=Vy^/vj=  total  ratio  of  cut-off; 
n=  Fi/F2= cylinder-ratio; 
a-=R/Vi^  receiver-ratio. 

Now  in  the  action  represented  by  Fig.  579,  we  see  that  when 
the  steam  from  cylinder  1  exhausts  into  the  receiver,  at  point  2, 
it  meets  and  mixes  with  a  body  of  steam  of  the  pressure  p^:  from 
the  resulting  pressure  pz  b^ins  a  common  expansion  34  (marked 
3'4'  on  the  H.P.  diagram,  3"4"  on  the  L.P.),  which  continues  to 
the  cut-off  at  4:  here  the  whole  body  of  steam  is  divided  into  two 
parts,  and  then  the  working-steam  expands  alone  from  4"  to  7, 
the  receiver-steam  is  compressed  by  the  small  piston  from  4'  to  5. 
We  wish  to  be  able  to  determine  the  pressure  and  volume  at  each 
of  the  important,  numbered  points,  and  to  draw  all  the  intermediate 
curves. 

First,  write  expressions  for  all  the  volumes,  in  terms  of  known 
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quantities;  in  any  actual  case,  it  is  well  to  reduce  all  the  volumes 
to  numerical  values,  in  terms  of  either  F^  or  ¥2^  as  a  base-unit. 

v,  =  e,V,^EV,;  v^^V,; 

If  necessary,  make  a  sketch  diagram  of  the  cylinders  with  the 
pistons  in  positions  3,  4,  and  5,  to  see  that  these  expressions  are 

P 


O3  M  Q  0, 

Fig.  579. — Direct-expansion  Engine  with  a  Receiver. 

correct.  At  4  (low-pressure  cut-off)  the  total  volume  v^  is  divided 
into  two  pai-ts:  v^„y  all  in  the  L.P.  cylinder,  contains  the  working- 
steam;  v^,j  in  receiver  and  H.P.  cylinder,  contains  the  receiver- 
steam. 

As  in  the  preceding  discussions,  the  fundamental  relation  is 


PiVi=P2i;2=7),v,  ==^7^7. 


(388) 


This  determines  the  pressure  ji^;  and  with  that  knowTi,  we  easily 
calculate  pg  and  pgfrom  the  equations  Ps^s^Vi^i  (^or  the  combine<l 
bodies  of  steam)  and  p^v^^PtV^,  (for  the  receiver-steam  alone). 
Incidentally,  p,  could  be  found,  after  pg  was  known,  by  the  relation 


p3V^  =  P2V2-\-pV^r 


(389) 


454  THE  MULTIPLE-EXPANSION  ENGINE.        [Chap.  XI. 

although  it  is  not  here  necessary  to  make  the  determination  through 
this  operation  of  mixing. 

Example  2.— In  Fig.  579,  taking  7,  as  unity,  7i«0.30,  R^O.25; 
and  for  the  full-lme  diagram,  ei-0.4,  ^2=»0.6.  Then  if  Pi  =  100,  Pi»i=- 
12;  and  the  several  values  work  out  as  follows: 

t;i-0.12,  p,«100;  t;^,=0.60,  P4=20; 

r,=0.30,  p,-  40;  r;  =  LOO,  P, -12; 

V4  « (0.4X0.3  +0.25)  +0.6  =0.97;  v,  =0.30  +0.25  =0.55 ; 

p,«20X0.97^0.55=35.3; 

Vv-0.37;  v,=0.25; 

P3 -20X0.37-^0.25 -29.6. 
By  mixing, 

p,X0.55  -40X0.30  +  29.6X0.25-19.4 

Pa"*  35.2. 

Graphically,  we  get  the  point  4"  by  locating  the  L.P.  cut-off  ordmate 
on  MN  according  to  e.;  then  locate  the  corresponding  ordinate  on  QM 
and  project  over  the  pressure  at  4"  to  get  4f.  Now  the  curves  4"3" 
and  4'3'  can  be  drawn  from  fixed  poles,  as  in  Fig.  578.  Since  v^  is 
(l-e^W.+R+e.V^  equal  to  V.+R-^e.iV.-V,),  and  v,  is  V,-^R, 
and  since  the  full  stroke-line  MN  or  QM  represents  the  volume-change 
(7,-7,),  we  make 

QxM'^MN^F.-Fx ^^^^ 

For  the  curve  4'5  the  pole  0  is  got  by  laying  off  the  receiver-volume 
to  the  regular  scale,  as  indicated  on  the  figure. 

(d)  Division  of  Work.— Even  with  as  little  complication  as  is 
involved  in  Fig.  579,  it  becomes  practically  impossible  to  express 
a  general  relation  between  the  areas  of  the  diagrams  for  the  respec- 
tive cylinders.  It  would  be  better,  perhaps,  to  say  "useless", 
rather  than  'impossible'',  as  appears  from  the  following  equation 
of  relation  for  equal  areas  in  a  diagram  like  Fig.  579.    The  equa- 
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tion,  whose  derivation  would  here  take  up  too  much  space,  is 
1-i-n  (1  — 63-fq)n-|-g3^       (l  —  e^+a)n+e^  ,     1— gj-l-a,       l  —  e^+a 

-log.|=l-log.l+^ (389) 

All  the  symbols  have  already  been  defined  in  the  last  article. 
It  would  be  easier  to  cut  and  try  and  measure  areas  a  good  many 
times,  than  to  attempt  to  satisfy  such  an  equation. 

For  this  necessary  cut-and-try  graphical  method,  the  starting 
point  would  be  furnished  hy  Fig.  578  or  Eq.  (387) — compare  the 
actual  diagrams  in  Figs.  583,  597,  and  598.  As  the  receiver  is 
made  larger,  however,  and  with  the  effect  of  the  valves  and  steam- 
passages  in  retarding  fluctuations  of  pressure,  the  latter  become 
smaller,  and  the  engine  approaches  the  action  belonging  to  the 
case  discussed  in  §  66,  Fig.  604  being  an  apt  example. 
V  The  way  to  measure  the  loss  by  receiver-drop  on  Fig.  579  is 
to  compare  the  two  areas,  of  overlap  and  of  deficiency,  shaded  at 
A.  Siftce  the  receiver-volume  enters  into  the  common  expansion, 
the  L.P.  diagram  cannot  be  closely  fitted  in  against  the  HiP., 
after  the  manner  of  E'CEFG  in  Fig.  578.  With  the  small  drop 
shown  on  Fig.  579  the  loss  of  area  is  insignificant. 

(e)  Theoretical  Diagrams  for  an  Actual  Engine. — In  a 
real  engine,  the  actions  which  have  just  been  discussed  are  further 
complicated  by  the  cylinder-clearances,  with  the  consequent 
presence  of  a  body  of  clearance-steam  in  each  cylinder.  To  develop 
a  solution  of  the  problem  thus  presented,  we  will  now  analyze  an 
actual  design,  choosing  one  in  which  the  secondary  effects  are  large. 
An  excellent  example  for  this  purpose  is  supplied  by  the  locomo- 
tive illustrated  in  Figs.  256  to  258  (compare  also  Fig.  437);  and 
the  proportions  used  in  Fig.  580  are  taken  from  a  pamphlet  on  the 
steam-distribution  in  this  engine  and  from  other  published  descrip- 
tions. 

The  cylinders  are  15"  and  25"  by  26";  and  the  several  volumes 
involved,  expressed,  not  in  cubic  measure,  but  in  terms  of  either 
nominal  cylinder  as  unity,  are 


456 


THE  MULTIPLE-EXPANSION  ENGINE.        [Chap.  XL 


V, 

c. 

R 

V, 

c. 

either 

1.00 

0.19 

0.28 

2.78 

0.33 

or 

0.360 

0.068 

0.101 

1.00 

0.119 

Here  V  stands  for  the  nominal  cylinder,  C  for  the  clearance-volume, 
and  R  for  the  receiver — the  last  being,  in  this  case,  merely  the 
cavity  in  the  center  of  the  valve. 


0    M,M2  N,       D         E 

Fig.  580. — Diagrams  for  a  Vauclain  Locomotive. 


^ 


The  essential  dimensions  of  the  valve-gear  are  as  follows: 

Greatest  travel  of  valve,  5§"; 

Steam-lap:  high-pressure  port  J",  low-pressure  port  f"; 
Lead  in  full  gear,  high-pressure  cylinder,  J''; 
Mid-gear  eccentric-radius  (assumed)  lA"; 
Exhaust-lap:  H.P.  cylinder  J''  negative, 
L.P.  cylinder  f "  negative. 

The  first  step  in  drawing  Fig.  580  is  to  measure  off  from  the 
pressure-axis  OP  the  volumes  of  the  clearances  and  of  the  cylinders, 
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giving  the  bases  MjNj,  MjN,,  and  to  put  in  the  lines  of  admission- 
pressure  and  of  exhaust-pressure.    The  former  is  taken  at  185  lbs. 
absolute,  which  might  be  realized  from  a  boiler-pressure  of  180  lbs. 
by  gage  (depending  upon  speed  and  opening  of  throttle-valve);* 
the  exhaust  is  at  18  lbs.,  a  rather  low  value  for  a  locomotive. 

The  primary  variable  is  the  high-pressure  cut-off,  here  made 
effective  at  half-stroke;  that  is,  the  ideal  expansion-curve  starts 
at  2,  half-way  from  1  to  Q;  and  then  the  estimated  admission-curve, 
sketched  in,  locates  the  actual,  mechanical  cut-off  at  3.  Having 
extended  the  expansion  hyperbola  well  down  into  the  low-pressure 
space,  we  next  draw  the  valve-diagram  that  will  give  the  cut-off 
at  3,  and  determine  all  the  other  events  of  the  valve-action.  In 
this  diagram,  the  letters  A,  C,  R,  and  K  designate  admission,  cut- 
off, release,  and  compression,  with  sub  one  for  the  H.P.  and  sub 
two  for  the  L.P.  cylinder.  Disregarding  connecting-rod  effect, 
we  transfer  these  determinations  to  the  respective  stroke-lines 
MjNj,  MjNi,  marking  the  ordinates  with  the  same  designating 
letters.  For  convenience,  the  diameter  MN  is  made  half  of  MjNj; 
then  any  event  is  located  on  M3N3  by  doubling  the  horizontal 
distance  given  by  the  valve-diagram;  and  for  MiN^  we  get  a  simple 
reduction-diagram  by  making    N2B  equal  MjNi  and  drawing  MgB. 

As  soon  as  we  reach  the  H.P.  release  at  R^  or  point  4,  we  en- 
counter the  fact  that  the  steam  in  the  cylinder  is  now  to  mix 
with  a  body  of  receiver-steam  of  unknown  pressure,  that  is,  of 
unknown  quantity.  To  get  a  known  condition,  we  drop  to  the 
exhaust  operation,  and  draw  the  L.P.  compression-h3rperbola 
from  the  point  14,  located  by  Kj.  Now  turn  back  to  Fig.  41, 
and  note  the  fundamental  fact  that  if  the  measure  pv  of  the  work- 
ing-steam is  to  be  the  same  in  both  cylinders,  distances  between 
hyperbolas  of  expansion  and  of  compression,  along  any  pressure- 
line,  must  be  the  same  for  both  diagrams.  It  is  pretty  evident 
that  the  H.P.  clearance-steam  is  greater  in  quantity  than  the  L.P., 
or  that  the  curve  9-17  will  be  outside  (to  the  right)  of  16-14:  then 
the  expansion-curve  11-12  must  be  inside  of  4^18.  Knowing  that 
L.P.  cut-off  takes  place  at  the  ordinate  Cj,  we  now  seek  to  deter- 
mine the  pressure  at  this  cut-off,  or  to  locate  the  line  7-11  so  that 
the  volumes  17-18  and  16-11  will  be  equal. 
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To  do  this,  we  make  a  rough  guess  at  the  curve  8-17,  sketch 
it  in,  and  by  trial  locate  11  on  C,  so  that  11-18  will  equal  the 
assumed  16-17.  On  the  return-stroke  of  the  H.P.  piston,  the  L.P. 
cut-off  takes  place  at  C^,  as  marked.  After  this  cut-off,  steam  is 
compressed  in  the  H.P.  cylinder  and  the  receiver  until  H.P.  valve- 
closure  at  Kj.  For  the  curve  of  this  operation  the  pole  is  evidently 
O'.  By  a  single  construction  we  get  the  height  of  the  point  8, 
and  then  by  another  construction  with  O  as  pole  produce  the  H.P. 
compression-curve  down  to  17.  If  this  determined  16-17  does  not 
£^ree  with  11-18,  we  try  again,  until  these  two  lengths  come  out 
equal. 

Having  now  the  pressure  of  the  receiver-steam  at  an  instant 
when  it  is  definitely  shut  off  by  itself,  we  know  its  quantity,  and 
can  mix  it  with  the  steam  released  from  the  H.P.  cylinder  at  4. 
One  way  is  to  take  the  measuring  rectangle  O'— 21  (that  is, 
volume  R  by  pressure  pg),  and  change  it  to  O'— 22  at  pressure  p^. 
Just  after  the  valve  opens  at  4,  the  volumes  in  communication 
aggr^ate  the  amount  P'— 4;  but  at  the  pressure  p^  the  steam 
would  fail  to  fill  this  space  by  the  amount  22-23.  Transferring 
this  deficiency  to  25-4,  and  drawing  the  hyperbola  25-26-5,  with  0' 
as  pole,  we  get  two  results:  first,  that  if  the  valve  opened  instan- 
taneously and  widely,  the  resultant  pressure  of  the  mixture  would 
be  p26>  second,  that  this  mixture  would  expand  along  26-5  to  the 
instant  of  L.P.  admission  at  ordinate  A/.  Actually,  the  steam 
in  the  H.P.  cylinder  will  follow  some  such  curve  as  45,  which  can 
easily  be  sketched  in  by  eye. 

The  pressure  at  6  or  10,  resulting  from  the  mixing  of  the  steam 
in  H.P.  cylinder  and  receiver  at  5  with  that  in  the  L.P.  cylinder 
at  15,  can  be  most  easily  found  by  simply  carrying  back  from  7 
or  1 1  the  line  of  the  common  expansion.  The  best  way  to  find  points 
on  curves  6-7  and  10-1 1  is  by  means  of  a  construction  based  on 
the  principle  of  Eq.  (390).  There  we  saw  that  the  volume  at  any 
instant  during  this  expansion  is  equivalent  to  the  initial  volume 
at  6  or  10,  plus  a  fraction  of  the  volume-difference  {V^—  V,)  pro- 
portional to  the  piston-travel.  Here  the  initial  volume  is  C^^-V^-\- 
R+C2,  and  from  the  pole  O  this  total  volume  locates  the  ordinate 
EF.     Beyond  EF  lay  off,  to  the  same  scale,  the  volume  (Vj—  VJ, 
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and  divide  it  into,  say,  10  equal  parts,  drawing  ordinates  as  in- 
dicated; and  on  this  (Fj—  FJ  base  locate  the  L.P.  cut-off  ordinate 
Cj".  The  point  G  thus  found  will  correspond  with  11  or  7,  and 
the  curve  GF  has  O  as  its  pole.  Now  divide  M^N,  and  N^M^  into 
the  same  ten  equal  parts,  and  project  over  heights  found  for  FG 
to  the  corresponding  ordinates,  to  get  6-7  and  10-11. 

The  rest  of  the  operation  is  self-evident.  Curves  &-1,  5-6, 
15-10,  and  12-13  are  sketched  in  so  as  t^  look  most  natural. 
Measurement  shows  that  the  L.P.  diagram-area  A^  is  about  1.24 
times  as  laige  as  the  H.P.  area  A^  or  134679;  but  the  further 
secondary  effects  not  here  taken  into  account — namely,  friction 
of  the  steam-passages  and  collapse  of  the  steam  in  passing  to  the 
L.P.  cylinder — all  tend  to  reduce  the  relative  value  of  A^,  and 
this  will  probably  cause  the  actual  work  to  be  almost  equally 
divided  between  the  pistons. 

Pr- 


0   M,M2  Ni      D         E  Ni 

Fig.  581. — Earlier  and  Later  Cut-off,  in  Engine  of  Fig.  5^0. 

(/)  The  Effect  of  Variable  Valve-action  in  this  locomo- 
tive is  illustrated  in  Fig.  581,  where  diagrams  are  drawn  for  H.P. 
effective  cut-off  at  one-quarter  and  at  three-quarters  of  the  stroke. 
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with  the  steiam-distribution  determined  by  Fig.  582.  An  impor- 
tant point  in  the  design  of  any  variable  cut-off  compound  engine 
which  has  both  exhaust  and  admission  controlled  by  the  same 
valve,  is  to  keep  the  compression  from  running  too  high,  especially 
in  the  H.P.  cylinder.  Here  this  end  is  attained  through  the  use 
of  large  clearances  and  negative  exhaust-laps.  It  appears  from 
Fig.  580  that  the  resulting  early  release  has  no  bad  effect  on  the 
H.P.  diagram,  but  that  the  exhaust  b^ins  much  sooner  in  the 
L.P.  cylinder  than  is  desirable.  To  show  that  more  lap  can  be 
used  to  advantage.  Figs.  581  and  582  are  drawn  with  an  exhaust- 
lap  equal  to  zero,  instead  of  minus  f",  on  the  L.P.  valve-face. 
Even  with  the  earliest  cut-off  here  investigated,  it  does  not  appear 
that  either  compression  is  too  great.  The  exhaust-pressure  is 
made  higher  for  the  smaller  diagram  because  the  speed  is  supposed 
to  be  very  much  greater. 


Fig.  682.— Valve-diagrams  with  Fig.  581; 
full  lines,  H.P.  cylinder;  dotted  lines,  L.P.  cylinder. 

The  construction  of  Fig.  581  is  the  same  throughout  as  that  of 
Fig.  580.  Note  that  in  diagram  I.  the  ideal  curve  of  expansion 
after  the  mixing  at  H.P.  release  rises  above  the  main  expansion- 
hyperbola.  The  ratio  of  A^  to  A^  in  this  figure  is  0.96  to  1.00 
for  Case  I.,  1.7  to  1.0  for  Case  II. 

(g)  Indicator  Diagrams,  original  and  combined,  from  a  loco- 
motive like  that  for  which  Figs.  580  and  581  were  drawn,  are 
shown  in  Fig.  583,  with  the  idea  of  comparing  actual  with  pre- 
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dieted  results.  These  diagrams  are  the  mean  of  cards  from  both 
ends  of  the  cylinders  on  one  side  of  the  locomotive.  The  valve- 
action  is  practically  the  same  as  in  Fig.  580  except  that  there  is 
more  exhaust-lap,  and  the  various  "events"  and  curves  of  the  two 


Fig.  583. — Indicator  Diagrams  from  Vauclain  Locomotive. 


diagrams  are  essentially  the  same  in  timing  and  character:  one 
point  to  be  noted  is  the  prompt  flow  from  H.P.  to  L.P.  when  the 
latter  opens  for  admission,  causing  a  rapid  admission-rise  and  a 
small  loop  on  the  L.P.  diagram. 

The  greatest  differences  are  due  to  the  throttling  action  of  the 
ports  and  valves,  by  no  means  sufficiently  allowed  for  in  Fig.  580. 
The  two  sets  of  diagrams  in  Fig.  583  were  taken  at  different  speeds, 
the  full  lines  at  40  miles  per  hour,  the  dotted  lines  at  60  miles. 
A  matter  of  great  interest  is  the  variation  in  the  back-pressure  in 
both  cylinders,  with  practically  the  same  curves  of  forward-pres- 
siu'e  at  both  speeds.  With  the  higher  speed,  the  exhaust-pressure 
has  a  minimum  at  about  6  lbs.  above  atmosphere  and  rises  to  about 
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15  lbs.  where  compression  bogins — this  latter  point  being  not  at 
all  definitely  marked. 

Chiefly  on  account  of  this  modification  of  the  diagrams  by 
throttling  action,  the  work-division  is  quite  different  from  that 
in  Fig.  580,  being  here  almost  exactly  equal.  As  to  the  effective 
steam-quantities,  measurements  along  the  line  AB,  between  hyper- 
bolas, give  the  ratio  0.92  for  the  full-line  case  and  0.95  for  the 
dotted-line,  this  being  the  ratio  of  the  L.P.  volume  to  the  H.P. 
at  this  pressiu"e;  that  is,  the  "collapse"  from  the  condition  pt7=C 
is  8  per  cent,  and  5  per  cent,  in  the  respective  cases. 

Some  further  examples  of  diagrams  from  engines  of  the  direct- 
expansion  type  will  be  found  in  §  69,  where  not  only  general 
mechanical  action  but  also  the  question  of  thermodynamic  effect 
are  taken  up.  We  now  pass,  however,  to  the  rather  more  compli- 
cate case  of  the  engine  with  non-simultaneous  strokes,  still  laying 
most  emphasis  on  the  study  of  the  results  which  can  be  got  by  the 
ideal  pressure-volume  analysis. 


§  68.  The  Receiver-compound  Type. 

(a)  The  Quarter-crank  Compound  Engine. — As  set  forth 
in  §  22  (c),  the  term  "receiver-compound'*,  although  by  no  means 
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Fig.  584. — ^Action  of  the  Quarter-crank  Engine. 

strictly  distinctive,  is  about  as  short  and  simple  a  title  as  can  be 
devised  for  the  class  of  engines  in  which  the  strokes  do  not  b^in 
and  end  together,  so  that  a  receiver  between  the  cylinders  is  abao- 
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lutely  essential  to  successful  working.  Of  this  class,  the  engine 
with  cranks  at  right-angles  is  the  most  common  and  important 
type. 

The  action  of  the  steam  in  this  engine  is  illustrated  in  general 
terms  by  the  series  of  position-diagrams  in  Fig.  684.  The  space 
between  the  cylinders  represents  the  receiver,  and  it  is  assumed  that 
the  cut-off  takes  place  not  later  than  at  half-stroke  in  either  cylin- 
der. Diagram  I.  makes  it  evident  that  the  steam  released  from 
the  lower  end  of  the  small  cylinder  will  have  to  be  compressed, 
in  cylinder  and  receiver,  by  the  advancing  H.P.  piston;  this 
condition  lasts  till  mid-stroke, 
when  the  L.P.  piston  gets  to  its 
top  end  and  the  large  cylinder 
starts  to  draw  from  the  receiver. 
Position  II.  shows  common  ex- 
pansion in  the  two  cylinders  and 
the  receiver,  this  continuing  to 
L.P.  cut-off.  The  last  two  dia- 
grams exhibit  similar  conditions 
for  the  other  pair  of  successive 
cylinder-ends.  Note  that  with 
the  H.P.  crank  leading,  as  here, 
steam  from  one  end  of  the  H.P. 
cylinder  passes  into  the  opposite  end  of  the  L.P.  Fig.  585  shows, 
however,  that  when  the  L.P.  crank  leads,  the  same  ends  (both 
"head"  or  both  "crank")  are  in  series.  This  determines  the 
manner  in  which  actual  indicator  diagrams  are  to  be  combined; 
but  it  must  be  remembered  that,  in  any  engine  with  a  common 
receiver,  the  division  of  steam  between  the  ends  is  not  necessarily 
the  same  in  successive  cylinders;  and  to  get  entirely  definite 
results  an  average  combination  is  required,  as  exemplified  in  Fig. 
41  and  by  the  diagrams  in  §  69. 

(&)  Variation  in  the  Steam-volume. — This  can  be  most  fully 
shown  and  clearly  followed  by  the  method  of  Fig.  586.  The 
vertical  base  of  this  diagram  is  the  developed  crank-circle,  repre- 
senting also  the  time  of  one  revolution;  the  horizontal  ordinates 
are  volumes.    The  primary  volumes  7^,  -R,  and  7,  are  laid  off  as 


r 


Fig.  685. — Engine  with  Low- 
pressure  Crank  Leading. 
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indicated;  and  by  plotting  sinusoidal  curves  of  piston-displace- 
ment in  proper  relation  (see  Fig.  125  I.),  we  get  a  continuous 
measure  of  the  varying  volume.  Here  clearances  are  disregarded 
and  the  connecting-rods  are  taken  as  "infinite": 


N,  Ma 

Fig.  686.— The  Volume  Diagram. 
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The  action  represented  by  the  shading  *  of  the  figure,  and 
designated  by  reference-numbers  identical  with  those  on  Figs.  587 
and  589,  takes  place  in  the  H.P.  crank-end  and  the  L.P.  head-end, 
since,  for  illustrative  purposes,  this  combination  agrees  best  with 
the  way  the  curves  are  drawn.  It  begins  with  H.P.  admission  at 
A,  lasting  to  the  cut-off  at  1;  then  follows  H.P.  expansion  to  end 
of  stroke  at  2.  Here  the  valve  opens  to  the  receiver,  with  a  sud- 
den increase  in  the  volume  involved  (at  3)  and  the  mixing  of  two 
bodies  of  steam.  From  3  to  5  this  combined  steam  is  compressed 
in  H.P.  cylinder  and  receiver,  until  L.P.  admission  begins  at  5. 
Even  after  5  there  is  at  first  a  decrease  in  volume,  because  the 
small  piston  is  moving  so  much  the  more  rapidly;  but  presently 

♦  Horizontal  shading  shows  an  action  during  which  two  or  more  of  the 
main  volumes  are  in  communication;  vertical  shading  marks  one  in  which 
the  body  of  steam  is  definitely  confined  in  one  of  the  cylinders. 
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expansion  really  begins,  and  continues  to  L.P.  cut-off  at  4.  There- 
after, the  working-fiteam  expands  in  the  large  cylinder  to  7,  then 
exhausts;  while  the  receiver-steam  is  slightly  compressed  by  the 
H.P.  piston,  from  4  to  6. 

(c)  Pressure- VOLUME  Diagrams  for  this  type  of  engine,  analo- 
gous to  Fig.  579,  are  drawn  in  Fig.  589,  for  the  two  distinctive 
cases  as  to  the  intermediate  action  between  the  cylinders.  The 
full-line  curves  correspond  with  the  conditions  in  the  preceding 
figure,  where  the  cut-offs  are  early;  the  dotted-line  diagrams  show 
the  effect  of  late  cut-off.  The  important  distinction  lies  in  the 
question  whether  L.P.  cut-off  occurs  before  or  after  half-stroke 


90       Deg     ^eo 
Fig.  587. — Pressures  on  a  Time- 


270  0 

base,  Case  A. 


— that  being  taken  as  the  point  where  the  H.P.  cylinder  releases. 
As  to  general  proportions,  Fig.  589  has  the  volumes  V^  and  \\  in 
the  ratio  that  would  be  given  by  the  diameters  20  and  36,  or  as  1 
to  3.24;  and  the  receiver-volume  R  is  made  equal  to  the  H.P. 
cylinder.  The  cut-offs,  the  same  in  both  cylinders,  are  at  one-third 
and  at  two-thirds  of  the  stroke  in  cases  A  and  B  respectively. 
Similar  points  on  the  two  diagrams  have  the  same  numbers,  some 
of  these  being,  however,  further  distinguished  by  the  letters  A 
and  B. 
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It  will  be  much  easier  to  follow  out  the  complicated  diagrams 
in  Fig.  589  after  first  running  over  the  illustrative  curves  in  Figs* 
587  and  588.  These  are  plotted  from  determinations  made  on 
Fig.  589,  but  resemble  Fig.  586  in  having  the  developed  crank- 
circle  for  a  base — the  degree-scale  being  that  for  the  H.P.  cranky 
with  zero  at  the  head-end  dead-center. 

The  curves  simply  show  how  the  pressures  vary;  they  do  not 
form  closed  figures,  nor  are  the  areas  under  them  proportional  to 
work.  This  system  of  representation  has  the  advantage  that  the 
L.P.  diagrams  can  be  fitted  under  the  H.P.,  with  simultaneous 
pressures  on  the  same  ordinate. 
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Fig.  588. — Pressures  on  a  Time-base,  Case  B. 


In  Fig.  587  the  sequence  of  events  is  as  follow^s:  High-pressure 
admission,  A  to  1;  expansion,  1  to  2;  release  and  mixing  with  the 
receiver-steam  which  was  at  6,  giving  resultant  condition  shown 
at  3;  compression  in  H.P.  cylinder  and  receiver,  3  to  5;  low-pres- 
sure admission  at  5;  common  expansion  to  L.P.  cut-off  at  4;  L.P. 
expansion,  4  to  7,  with  exhaust  at  E;  compression  in  H.P.  cylinder 
and  receiver,  4  to  6.  On  the  figures,  H  marks  curves  for  head-end, 
C  for  crank-end,  with  subscripts  1  and  2  to  designate  H.P.  and  L.P. 

In  Fig.  588  the  difference  is  that  when  the  H.P.  cylinder  releases 
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at  2,  the  receiver  is  yet  open  to  the  L.P.  cylinder:  there  is  there- 
fore a  short  period  of  common  expansion,  to  L.P.  cut-off  at  4; 
thereafter,  compression  into  the  receiver  raises  the  pressure  to  5, 
where  admission  to  the  other  end  of  the  L.P.  cylinder  b^ins. 
This  lasts  to  the  end  of  the  H.P.  stroke,  dropping  the  pressure  to 
6,  whence  it  is  suddenly  raised  to  3  by  a  fresh  exhaust  from  the 
other  end  of  the  H.P.  cylinder. 


Fig.  589. — Pressure-volume  Diagrams. 


(d)  Drawing  the  Pressure-volume  Diagram. — Coming  now 
to  the  construction  of  Fig.  589,  we  as  usual  have  the  L.P.  cut-off, 
on  the  main  expansion-hyperbola,  for  a  starting-point  in  the 
derivation  of  the  intermediate  curves.  In  Case  A,  with  early 
cut-offs  as  in  Fig.  587,  curve  45  is  first  laid  out  from  4  backward 
to  5;  the  method  is  more  closely  shown  by  Fig.  590,  which  is  a 
part  of  Fig.  589  enlarged.  Here  C,  is  the  L.P.  cut-off  4"  and  C^ 
is  the  corresponding  position  of  the  H.P.  piston,  or  the  point  4'; 
then  at  the  pressure  p^  the  total  volume  v^  has  the  two  parts  indi- 
cated on  the  figure;  and  these,  added  together,  make  v^  extend  to 
the  ordinate  through  A,  which  is  one  of  the  secondary  axes  for 
the  hyperbola-construction.     For  any  other  pair  of  simultaneous 
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piston-positions,  as  P^  and  Pj,  addition  of  the  two  partial  volumfes 
(one  in  H.P.  cylinder  and  receiver,  the  other  in  L.P.  cylinder) 


M  N 

Fig.  590. — Intermediate  Curves,  Case  A. 

gives  the  total  volume  v  and  the  point  B.  The  usual  radial  line 
from  O  determines  the  pressure  by  the  intersection  at  D;  pro- 
jected over,  this  locates  vertically  the  points  Pj  and  Pj,  which  lie 
on  the  respective  45  curves.  Having  brought  these  curves  up  to 
5,  on  Fig.  589,  we  next  get  5'3  as  a  plain  hyperbola  with  0  as 
pole,  thus  finding  the  pressure  at  3;  and  a  similar  construction 
gives  the  short  curve  4'6. 


Fig.  591. — Intermediate  Curves,  Case  B. 


For  Case  B  the  operation  is  a  little  more  complex.    In  Fig. 
591,  with  L.P.  cut-off  at  C,,  the  H.P.  piston  is  at  C^,  just  a  little 
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way  on  the  return  stroke,  and  from  C^  the  curve  of  compression 
is  carried  up  to  A  or  5'  to  get  a  starting-point  for  the  line  of  com- 
mon expansion.  Having  AB  and  AD  as  axes,  we  add  volumes^ 
find  pressure  as  at  D,  and  project  over  to  the  position-ordinates 
to  determine  Pj  and  Pj.  The  same  method  is  used  for  the  short 
cur\'e  C3  or  43. 

The  greatest  difference  in  steam-effect  between  this  and  the 
direct-expansion  type  of  engine  is  found  in  the  pressure-curve  for 
the  H.P.  return  stroke,  which  rises  at  the  middle  in  one  case,  falls 
in  the  other.  Further  illustration  is  given  in  Fig.  592,  where  cut- 
off is  varied  in  the  L.P.  cylinder  only.  The  simplest  case  is  seen 
where  the  latter  cut-off  is  just  at  mid-stroke,  for  then  the  H.P. 
back-pressure  curve  has  only  two  parts  or  phases,  as  against 


Fig.  592.— Variation  in  L.P.  Cut-off. 

three  in  the  other  cases.  The  general  effect  upon  the  receiver- 
pressure,  due  to  varying  the  L.P.  cut-off,  is  the  same  as  was  described 
in  §  66  (c);  but  with  the  rather  small  receiver  here  used,  the  pres- 
sure-changes throughout  the  stroke  are  very  great.  To  get  a 
better  idea  of  what  to  expect  in  an  actual  engine,  we  will  now  analyze 
an  example  with  a  larger  receiver,  taking  into  account  the  clear- 
ances and,  approximately,  the  valve-action,  as  in  Fig.  580. 
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(e)  Analysis  of  an  Actual  Engine. — For  this  example  we 
again  use  proportions  suitable  to  a  locomotive,  as  in  Fig.  580, 
chiefly  because  this  will  make  all  the  secondary  effects  large 
enough  to  be  visible  even  on  a  reduced  figure.  These  proportions 
are,  in  fact,  practically  identical  with  those  in  Fig.  580,  except 
for  the  receiver;  as  used  in  laying  out  Fig.  593,  and  expressed  in 
terms  of  the  L.P.  cylinder  as  unity,  they  are, 


.36 


.07 


R 
.54 


.12 


1.00; 


the  receiver  being  one  and  one-half  times  the  size  of  the  H.P. 
cylinder.  The  valve-action,  with  the  same  proportions  as  on 
Figs.  580  and  582,  but  with  both  exhaust-laps  made  zero,  is  dia- 
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Fig.  593. — Volume  Diagram  for  Actual  Engine. 

grammed  at  Fig.  594  II.,  and  the  events  there  determined  are 
properly  located  on  the  volume-diagram,  Fig.  593,  and  on  the  pv 
diagram,  Fig.  594  I.,  with  the  same  designating  letters. 


i  63  (c)]  RECEIVER-COMPOUND  TYPE.  471 

In  Fig.  593,  full-line  shading  is  used  for  the  ''cycle"  made  up 
of  the  operations  in  H.P.  crank-end  and  L.P.  head-end,  dotted 
shading  for  the  other  cycle.  Merging  of  these  two  cycles,  where 
it  occurs,  is  indicated  by  running  together  the  two  kinds  of  shading 
in  the  receiver-space.  Beginning  at  point  1,  we  have  H.P.  admis- 
sion to  cut-off  at  2,  then  expansion  to  3  (follow  the  operation  on 
Fig.  594  also).  When  release  takes  place  at  3,  the  receiver  is  open 
to  the  L.P.  end  which  belongs  to  the  other  cycle — the  same  effect 
being  there  produced  that  this  cycle  receives  at  11,  12.  As  the 
result  of  the  mixing,  the  H.P.  steam  drops  from  3  to  4,  the  L.P. 
steam  rises  from  11  to  12.  On  Fig.  594,  all  these  intermediate 
changes  are  represented,  by  the  full  black  lines,  as  if  they  resulted 
from  a  full,  immediate  valve-action,  with  instantaneous  equaliza- 
tion of  pressure  throughout  the  spaces  in  communication:  and 
the  dotted  curves  show  a  guess  at  what  actually  would  take 
place. 

After  equalization  at  4,  there  is  common  expansion  till  L.P. 
cut-off  at  5,  then  compression  in  H.P.  cylinder  and  receiver  to  L.P. 
admission  at  6.  Here,  with  H.P.  drop  from  6  to  7  and  L.P.  rise 
from  17  to  18,  really  b^ins  the  L.P.  portion  of  this  cycle.  From 
7  nearly  to  8  (or  from  18  past  10),  there  is  compression;  at  8 
the  H.P.  exhaust  closes,  and  at  the  same  time  the  other  end  of 
the  H.P.  cylinder  releases,  causing  the  rise  from  11  to  12,  as  already 
explained.  It  will  be  noted  that  on  account  of  the  very  early 
release  from  the  H.P.  cylinder,  this  engine  is  decidedly  in  the  class 
typified  by  Fig.  588,  even  though  the  L.P.  cut-off  occurs  very  soon 
after  half -stroke. 

(/)  Construction  of  Fig.  594. — With  Fig.  593  to  make  clear 
the  course  of  events,  it  is  not  difficult  to  trace  out  fully  the  whole 
intermediate  action  between  the  cylinders;  but  we  have  here  a 
case  where  the  purely  graphical  method  must,  for  ease  and  clear- 
ness, yield  to  a  method  of  measurement  and  computation. 

The  L.P.  cut-off  is,  of  course,  the  starting-point.  Just  as  in 
Fig.  580,  we  can  see  that  the  H.P.  compression-hyperbola  will  be 
outside  of  the  L.P.  curve  22-16,  hence  13-14  must  be  below  or 
inside  of  3-19.  The  pressure  at  13  which  will  make  22-13  equal 
21-19  is  computed  as  follows. 
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At  point  20,  p=62.5,  i;= 0.970  in  H.  and  R.  plus  0.665  in 
L.  =  1.635;  these  volumes  being  in  terms  of  7,  as  1.00. 

For  cylinder-steam  alone  (working + clearance  steam),  this 
gives  pr= 62.5X0.665 =41.56  for  curve  3-19;  while  for  the  L.P. 
clearance-steam,  taking  co-ordinates  at  point  16,  the  product  is 
7n?=  18X0.345=6.22. 

Now  let  p  be  the  unknown  pressure  at  point  13;  then  for  the 
volumes  at  19  and  22  we  have  the  values,  respectively,  41.56/p, 
6.22/p. 

After  the  L.P.  cut-off,  steam  in  the  volume  0.970  is  compressed^ 
along  56,  to  the  next  L.P.  admission,  the  volume  being  reduced 
to  0.866.  Here  this  steam,  pXO.970  in  amount,  mixes  with  the 
L.P.  clearance-steam,  and  the  resulting  quantity  is  measured  by 
(pX0.970-|-6.22)  with  the  pressure  at  the  point  7.  This  is  still 
further  compressed  to  H.P.  exhaust-closure  at  8,  where  the  volume 
is  0.148  in  H.  plus  0.742  in  R.  and  L.,  or  0.890  in  all.  The  pres- 
sure at  this  point  8  is 

pXO.970+6.22^ 
0.890 

multiplying  this  by  the  volume  0.148  we  get  the  measure  of  the 
H.P.  clearance  steam;  and  division  of  this  product  by  p  gives  the 
volume  at  21. 

The  four  volumes  along  the  line  22-19  being  now  known  or 
expressed  in  terms  of  p,  we  have 

Vn  -   -^23=    Via   -  v,i 

6.22    41.56     0.148(0.970p+0.622) 
0.665-  —  =  -^ 0896^ •       •     <390) 

0.665p-6.22=41.56-0.1612p- 1.034 

p= 56.64. 

Knowing  this  p,  all  the  critical  pressures  can  be  easily  calculated^ 
as  indicated  above;  and  the  same  method  is  as  good  as  any  for 
getting  a  series  of  points  on  the  several  curves.  Thus  for  the  comv 
mon  expansion  4^5,  12-13,  we  have  that  the  product  pv  is  56.64 X 
0.635=92.6,  at  13.    Measuring  volumes  from  Fig.  593,  we  get 


This  gives 
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the  results  in  Table  68  A.  Similar  calculations  are  used  for  curves 
7-8,  18-10-11.  The  only  plain  hyperbola,  among  all  these  inter- 
mediate curves,  is  56,  with  a  pole  located  by  measuring  off  the 
receiver-volume  R  to  the  left  from  O.  Of  course,  the  constructions 
shown  in  Figs.  590  and  591  might  be  used  here;  but  the  other 
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Fig.  594. — Ideal  Steam-diagram  for  Real  Engine. 

method  seems  preferable,  especially  with  the  slide-rule  for  com- 
putation. To  get  p  at  13,  the  determination  by  calculation  is 
overwhelmingly  preferable  to  graphical  determination  by  successive 
trials. 

Table  68  A.    Points  on  Curves  4-5,  12-13. 

H+R      L 

At  H.P.  releasee =0.892 +0.208  =1.100        p=84.2 

''  135°  H.P.     v=0.9l7+0.267=  1.184        p=78.2 

''  150°    ''        v= 0.946 +0.370  =1.316        p=70.4 

''  165°    ''        t?=0.964+0.491  =  1.455        p=63.2 

.    ''  180°    *'        i;=0.970+0.620=  1.590        p=58.3 
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(g)  General  Character  of  the  Receiver-action. — ^As  already 
remarked  in  (d),  the  distinguishing  characteristic  of  the  two  types 
of  compound-engine  diagram  is  the  shape  of  the  exhaust  line  for 
the  H.P.  cylinder,  which  drops  toward  mid-stroke  with  simultane- 
ous strokes,  but  rises  at  the  middle  when  the  cranks  are  at  right 
angles.  We  shall  fully  enough  cover  this  matter  of  relative  timing 
by  considering  further  what  happens  with  cranks  at  120  de;5rees. 


Fig.  695. — Dififerent  Arrangements  of  the  Three-crank  Engine. 

In  Fig.  595  are  illustrated  the  relations  between  the  first  two 
stages  of  a  triple-expansion  engine,  only  the  high  and  intermediate 
cylinders  being  represented  in  the  sketches.  There  are  two  pos- 
sible arrangements,  the  first  with  the  high  crank  leading,  or  the 
order  H-M-L,  the  other  with  low  crank  leading  and  the  order 
L-M-H  or  H-L-M.  In  the  first  case,  Fig.  595  I.,  when  piston  H 
has  completed  its  stroke  and  exhaust  into  the  receiver  has  b^un, 
piston  M  is  at  about  quarter-stroke  and  is  yet  drawing  steam. 
There  will  be,  therefore,  first  a  gradual  fall  of  pressure  till  M  cut- 
off, then  a  rise  as  piston  H  continues  to  return,  finally  a  drop 
when  piston  M  gets  to  the  b^inning  of  a  new  stroke  (sketch  2) 
and  begins  to  draw  steam  from  the  receiver.  Whether  this  last 
drop  will  show  on  the  H  diagram  depends  upon  how  soon  com- 
pression b^ins  in  that  cylinder.  Among  the  diagrams  that 
follow,  examples  of  this  arrangement  are  given  in  Figs.  605  I.  and 
'607.  Complete  suppression  of  the  final  drop  is  seen  in  Fig.  607  I.; 
at  II.  it  appears  only  as  a  slight  change  in  direction  from  the  more 
rapid  upward  slant  near  mid-stroke;  in  605  I.  the  action  is  clearer. 
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being  given  more  time  to  develop,  but  is  much  diminished  in 
amount  because  the  receiver  is  very  laige. 

Of  the  other  arrangement,  outlined  in  Fig.  595  II.,  only  one 
actual  example  is  given,  in  Fig.  605  II.  Here  the  receiver  is  closed 
when  cylinder  H  exhausts,  piston  M  being  at  about  three-quarters 
stroke;  but  cylinder  M  soon  starts  to  draw  (sketch  2)  and  remains 
open  till  piston  H  gets  well  toward  the  end  of  its  stroke.  The 
retarding  effect  of  the  passages  will  account  for  the  fact  that  the 
drop  of  the  H  exhaust-line  (on  Fig.  605  II.)  begins  somewhat 
later  in  the  stroke  than  it  would  under  the  ideal  conditions  which 
have  been  assumed  in  previous  discussions. 

(h)  Value  of  the  Volumetric  Analysis. — Increasing  famil- 
iarity with  actual  diagrams  will  develop  and  strengthen  the  con- 
viction that  the  detailed  analyses  given  in  Figs.  580  and  594  are 
likely  to  be  useful  rather  as  leading  to  a  thorough  understanding 
of  the  character  of  the  interactions  between  the  cylinders  than  as 
practical  methods  to  be  closely  followed  when  seeking  quantitative 
results.  Throttling  effects,  evidenced  by  the  rounding  of  corners 
and  the  smoothing  out  of  (ideally)  abrupt  changes,  and  by  the 
pressure-gap  between  the  successive  stages,  together  with  depart- 
ures from  the  law  pv=  C  due  to  varying  thermal  reactions,  decidedly 
modify  results  got  by  the  methods  just  referred  to — a  comparison 
of  Figs.  580  and  583  illustrating  these  statements  very  forcibly. 
The  influence  of  steam-passages,  cylinder-walls,  jackets  and 
reheaters,  etc.,  cannot  be  reduced  to  numerical  expression,  but 
can  be  estimated  and  predicted  only  by  analogy.  The  method 
that  suggests  itself,  then,  for  the  design  of  the  cylinders  of  a  mul- 
tiple-expansion engine,  is  about  as  follows: 

Start  with  an  elementary  diagram  like  Fig.  577,  and  sketch 
in  roughly  the  shape  of  the  intermediate  curves,  having  due  regard 
to  crank-arrangement  and  relative  size  of  receiver,  with  allowance 
for  pressure-losses. 

Introduce  the  effect  of  the  probable  clearance  by  a  change  the 
reverse  of  that  used  in  getting  Fig.  32  from  Fig.  31 — that  is,  swing 
the  diagram,  originally  drawn  against  the  vertical  axis,  out  beyond 
the  compression-h5rperbola;  this  will  give  actual  cylinder  volumes. 

Having  thus  found  tentative  proportions,  use  the  principal 
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parts  of  the  preceding  pressure-volume-constant  method,  with 
the  various  allowances  dictated  by  trained  judgment,  to  lay  out 
the  probable  indicator  diagrams  for  the  engine.  These  serve  as 
a  basis  for  further  adjustments  of  the  cylinder-volumes,  and 
fiimish  data  for  the  design  of  the  valve-gear. 

Actually,  in  the  development  of  various  t5rpes  of  engines,  the 
evolution  has  taken  place  by  such  gradual  advances  that  not 
many  designers  have  had  to  take  long  steps  at  a  time  beyond  the 
border-line  of  well-established  empirical  knowledge.  Of  course, 
this  border-line  is  being  continually  pushed  fon\'ard,  and  the 
ground  back  of  it  more  thoroughly  mapped  out. 

As  an  initial  contribution  to  the  fund  of  knowledge  which  an 
expert  along  this  line  will  have  to  accumulate  and  absorb,  a  num- 
ber of  typical  combined  diagrams  will  now  be  given. 

§  69.  Diagrams  from  Multiple-expansion  Engines. 

(a)  General  Methods. — Nearly  all  the  diagrams  which  follow, 
Figs.  596  to  608,  have  been  redrawn  from  published  descriptions 
of  tests  of  the  various  engines — in  many  cases  from  combined 
diagrams,  in  others  from  the  indicator  cards.  This  makes  them 
a  little  less  accurate  than  if  laid  out  directly  from  original  data. 
They  are  all  according  to  the  simple  scheme  of  bringing  clearance- 
lines  to  a  common  axis,  or  like  the  full-line  diagram  in  Fig.  41. 
Where  the  clearance-effects  are  large,  in  the  locomotive  and  marine- 
engine  diaojrams.  Figs.  596,  607,  and  608,  hyperbolas  along  the 
expansion  and  compression  curves  of  the  respective  diagrams  are 
brought  to  immediate,  horizontal  reference  lines,  for  a  comparison 
of  the  volume-measures  of  the  working-steam;  in  the  other  cases, 
relative  values  of  the  product  pv  are  given  for  selected  points. 

The  pressure-volume  measures  are  indicated  by  the  numerical 
values  given  under  the  letter  M  on  nearly  every  figure.  From  the 
total  value  of  pv,  for  any  point  on  the  expansion-curve,  is  subtracted 
the  value  for  the  clearance-steam,  as  found  from  a  point  on  the 
compression-curve.  Then  the  net  pv  for  the  H.P.  cylinder  or  at 
H.P.  cut-off  is  taken  as  unity,  and  the  other  values  expressed  in 
terms  of  this  unit. 
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Similarly,  under  the  letter  D  are  given  sets  of  numbers  show- 
ing the  work-division  among  the  several  cylinders  or  stages,  the 
total  work  represented  by  the  diagram  being  taken  as  unity. 

For  the  sake  of  a  comparison  of  thermodynamic  results,  these 
diagrams  are  drawn  so  as  to  represent  the  performance  of  one 
pound  of  steam,  all  to  the  same  scale  of  pressure;  nearly  all  to  the 
same  scale  of  volumes.  This  gives  some  of  them,  especially  those 
in  Fig.  596,  a  rather  awkward  shape  for  the  present  discussion  of 
mechanical  features.  The  manner  of  finding  the  volume-scale 
can  best  be  explained  by  means  of  an  example,  using  the  calcula- 
tions for  Fig.  597.  Here  the  steam-consumption  was  found  to  be, 
for  the  whole  test,  <Sh  =  15.51  lbs.  per  horse-power-hour.  For  the 
diagrams  combined,  the  speed  was  iV= 20.00  R.P.M.  and  the 
I.H.P.  was  266.9.  This  gives  4140  lbs.  of  steam  per  hour,  690 
per  minute,  3.45  per  revolution,  0.863  per  cycle,  the  engine  beins: 
duplex,  with  four  sets  of  cylinder-ends  and  of  diagrams.  Of  the 
total  steam  consumed,  11.1  percent,  was  condensed  in  the  jackets, 
the  rest  used  in  the  cylinders;  so  that  the  weight  of  cjiinder- 
steam  per  cycle  is  0.766  lb.  The  mean  volume  of  the  L.P.  cylinder 
(nominal),  or  the  piston-displacement  for  one  stroke,  is  28.67  cu.  ft. 
Now  if  28.67  cu.  ft.  cares  for  0.766  lb.,  the  proportional  volume 
for  1  lb.  is  28.67^-0.766=37.36  cu.  ft.  This  value  having  been 
determined  for  the  L.P.  diagram,  the  other  volumes  are  laid  off 
according  to  the  ratios  given  under  the  figure.  '  The  scales  used 
for  both  coordinates  are  chosen  with  regard  to  the  space  available 
for  the  figures:  with  large  expansion  or  a  low  terminal  pressure, 
the  end  of  the  L.P»  diagram  has  to  be  broken  off  and  transferred 
to  the  clear  space  above. 

With  only  a  few  exceptions,  the  diagrams  are  drawn  for  one 
pound  of  cylinder-steam,  or  for  more  than  one  pound  of  total 
steam  consumed  in  a  jacketed  engine.  On  each,  the  saturation- 
curve  for  1  lb.  of  dry  steam  is  drawn  in  full-line;  and  the  proportion 
of  steam  shown  by  the  indicator  can  be  estimated,  at  any  pressure, 
by  comparing  the  width  of  the  diagram  (or  the  horizontal  distance 
between  expansion-curve  and  compression-curve),  with  the  dis- 
tance between  the  one-pound  curve  and  the  vertical  axis.  This 
comparison  would  be  made  more  evident  by  transferring  the 
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diagrams  so  that  their  compression-curves  would  agree  with 
the  pressure-axis,  as  in  the  dotted  case  of  Fig.  41,  illustrated  also 
in  Fig.  609;  but  the  extra  labor  and  the  added  confusion  of  lines 
on  small-scale  figures  are  sufficient  reasons  for  omitting  this  step. 

Having  the  constant-weight  curve  for  1  lb.,  the  additional 
amount  of  jacket-steam  is  shown  by  just  the  beginning  of  another 
curve  for  the  whole  weight  of  steam  used,  drawn  in  dotted  line  to 
the  top  of  the  figure.  The  exceptions,  where  jacket-steam  is 
included  within  the  full-line  curve,  are  to  be  found  in  Fig.  601, 
where  the  purpose  is  to  compare  jacketed  and  non- jacketed  action; 
in  Figs.  607  and  608  where  the  jacket-steam  was  not  separately 
determined;  and  in  Fig.  606,  where  the  conditions  are  decidedly 
special. 

In  every  case,  the  diagrams  here  given  are  at  least  the  mean 
of  a  full  set  of  indicator  cards — in  Figs.  596 II.  and  597,  for  instance, 
four  sets  of  ordinate?  are  measured  and  averaged:  in  some  cases 
the  diagrams  are  the  mean  of  a  number  of  sets  of  cards,  repre- 
senting the  whole  of  a  long  test. 

Under  the  title  of  each  figure  are  given,  without  symbols,  the 
essential  dimensions  of  the  engine,  as  follows: 
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i)= diameter  of  piston,  5= stroke,  in  inches. 

d  =  diameter  of  piston-rod,  c  =  clearance-fraction. 

When  there  is  a  rod  on  each  side  of  the  piston,  two  values  of  d 
are  given.  In  Fig.  597  the  L.P.  piston,  and  in  Fig.  605  I.  all  the 
pistons  have  two  rods,  in  order  that  there  may  be  room  for  the 
connecting-rod  between  them.  When  there  are  two  cylinders 
in  one  stage,  as  in  all  three  parts  of  Fig.  608,  the  two  diameters 
are  hyphenated,  and  for  the  corresponding  V  the  combined  volume 
is  used.  In  a  few  cases  the  ratio  of  the  receiver  R  to  the  preceding 
cylinder  is  stated. 

Besides  these  dimensions,  the  most  important  observations  and 
results  as  to  the  working  of  the  engine  are  also  given — except  the 
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pressures,  which  are  well  enough  shown  by  the  diagrams.    The 
meanings  of  the  various  symbols  are: 

iV= revolutions  per  minute — double-strokes,  when  there  is  no 

rotating  shaft; 
7==  mean  speed  of  piston,  in  feet  per  minute; 
Pa « mean  effective  pressure,  reduced  to  the  L.P.  piston  after 

the  usual  manner — see  §  23  (c),  Eq.  (Ill); 
H= indicated  horse-power; 
iSH= steam  per  horse-power-hour; 
J= fraction  of  total  steam  used  by  jackets  and  reheaters; 
7 vindicated  steam  consumption,  generally  expressed  as  a 
fraction    of    the    cylinder-steam,    but    where    marked 
"total"  including  the  jacket-steam  in  the  basis.    Of 
the  subscripts,  the  first,  1,  2,  3,  refers  to  the  cylinder, 
the  second,  C  or  R,  to  cut-off  or  release. 
/b=  number  of  degrees  of  superheat. 

Most  of  these  data,  together  with  additional  information  as  to 
thermodynamic  performance,  will  be  found  collected  in  the  Tables 
in  Chapter  XIII.  The  numbers  here  used  to  designate  the  test 
show  their  location  in  those  Tables.  Comment  on  this  side  of  the 
subject  will  be  reserved  for  Chapter  XIII. 

(6)  The  Compound  Locomotive. — ^The  type  of  action  in  this 
engine  is  well  illustrated  by  Figs.  583  and  596 — high  pressure  of 
both  admission  and  exhaust,  large  clearances,  and  strong  throttling 
effects  being  the  marked' characteristics,  with  a  small  total  ratio  of 
expansion,  even  when  dropping  the  steam  well  toward  the  exhaust- 
pressure  at  the  effective  release.  The  French  engine  was  chosen 
for  illustration  rather  than  one  of  several  American  four-crank 
designs  tested  in  the  same  series,  partly  because  it  gave  smoother 
indicator  cards,  chiefly  because  it  has  separate  valve-gears  for  the 
H.P.  and  the  L.P.  cylinders,  permitting  an  independent  adjustment 
of  the  cut-ofifs.  At  II.  in  Fig.  596  the  L.P.  cut-ofifs  are  quite  a  little 
later  than  the  H.P.,  which  lowers  the  receiver-pressure,  but  gives  a 
work-division  of  which  the  advantage  is  not  apparent,  unless  it 
be  desired  to  diminish  the  amount  of  work  done  by  the  L.P. 
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Fia.  696. — Sample  Diagrams  from  Compound  Locomotives,  tested  in  the 
special  plant  of  the  Pennsylvania  Railroad  at  the  St.  Louis  Expoaitioix 
of  1904. 


I.  Cross-compound  (two  cylinder) 

Consolidation 
23  35  X32 

4  4  2.333 

.167         .057        /e-2.49Fi 


II.  De  Glehn  Compound  (4-cyl.), 

French  built,  Atlantic  type 
Two  14.2        23.7  X25.2 

2.4-2.7  2.7  2.808 

.133  .098        i2-»1.6l7i 
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cylinders,  which  are  between  the  frames  and  act  upon  crank-pins 
of  limited  area. 

The  peculiar  shape  of  the  H.P.  exhaust-line  in  IL,  for  an  engine 
with  cranks  opposite,  is  due  to  the  fact  that  the  receiver  is  common 
to  the  two  sides  of  the  locomotive,  the  rise  toward  mid-stroke 
being  caused  by  inflow  from  the  other  H.P.  cylinder.  The  pairs  of 
opposite  cranks  on  the  two  sides  are  set  at  90^  w^ith  each  other. 
In  I.  the  cranks  are,  of  course,  at  right  angles. 


Fia.  597. — Holly  (Gaakill)  Pumping  Engine  at  South  Bethlehem. 

Horizontal,  duplex,  direct-expansion,  no  receiver,  full  jackets. 

May   1902;  compare  Test  341. 

iV-20.00       F-120        74«=26.7 
i/=266.9  ^H=15.51 

J-0.111      /ic=.870      /:B=.955 

(c)  Low-speed  Direct-expansion  Engines. — Passing  now  to  a 
radically  different  class  of  engines,  we  take  up  the  four  examples 
in  Fis;s.  597  to  600.    The  first  is  an  older  design  of  the  engine  in 
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Fig.  269  with  absolutely  no  receiver.  The  low-pressure  diagram  is 
drawn  in  three  different  ways:  first,  at  A,  it  is  placed  iinder  the 
H.P.  diagram,  on  the  same  base-line,  chiefly  to  show  how  nearly 
the  lines  of  common  expansion  agree;  next,  at  B,  it  is  stretched 
out  to  the  full  length  representing  the  volume  of  the  L.P.  cylinder, 
as  in  all  the  other  figures;  finally,  at  C,  and  as  the  best  method  of 
testing  the  continuity  of  the  expansion,  it  is  laid  off  in  the  form 
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Fig.  698. — Leavitt  Pumping  Engine  at  Louisville. 

Vertical,  compound,  beam-fly-wheel,  reheating  receiver,  full  jackets. 

Test  343,  April,  1894.         F.  W.  Dean,  Trans.  A.S.M.E.,  16-169. 

i\r=T8.57         7=372  pm=24.0 

//=  643.4  ^H=  12.22 

J«0.167        /io=.766       /zB=.961 

corresponding  to  CEFS  on  Fig.  578.  At  the  b^inning  of  the  stroke 
the  communicating  volume  is  made  up  of  V^  and  both  clearances: 
diagram  C  starts  at  this  distance  from  the  vertical  axis,  and  its 


27 

54 

X120 

5i 

6 

4.015 

.0159 

.0153 

169(c)] 


ACTTUAL  COMBINED  DIAGRAMa 


483 


length  is  (F,—  F,).  An  interpretation  of  this  Utter  arrangement, 
from  the  point  of  view  of  work-performance,  is  that  an  area  A^  of 
the  L.P.  piston  receives  the  work  represented  by  diagram  A,  and 
an  annular  area  (-4,—  A^)  receives  the  work  of  diagram  C.  That  is, 
of  course,  essentially  the  same  as  putting  the  diagram  into  the 
form  of  E'CEFG  on  Fig.  578:  but  here  the  L.P.  clearance  must 
be  interposed  between  A  and  C,  and  the  presence  of  a  receiver 
would  introduce  complications  such  as  would  make  this  method  of 
little  utility. 

Fig.  598  shows  a  performance  of  higher  excellence.  The  com- 
bined effect  of  low  speed  and  full  jacketing  is  seen  in  the  unusually 
marked  re-evaporation  toward  the  end  of  the  H.P.  expansion, 

idol , . 


Fia.  599. — ^Worthington  High-duty  Pumping  En^ne,  on  oil  pipe-line. 

Horizontal,  duplex!  compound,  reheating  receiver,  full  jackets. 

Test  337,  April,  1891.        J.  E.  Denton,  Trans.  A.S.M.E.,  12-975. 
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and  in  the  fact  that  the  apparent  or  indicated  steam  is  greater 
in  the  second  than  in  the  first  cylinder.  The  mechanism  con- 
necting the  two  pistons  is  essentially  the  same  as  in  the  preceding 
engine,  though  different  in  its  arrangement  and  proportions. 

Comparing  Fig.  599  with  597,  we  see  larger  losses  by  cylinder 


484 


THE  MULTIPLE-EXPANSION  ENGINE.        [Chap.  XL 


condensation  in  the  H.P.  cylinder,  and  more  wasted  area  between 
the  diagrams,  so  that  even  with  a  good  deal  longer  expansion  the 
steam-consumption  is  higher.  But  the  use  of  a  fairly  early  cut- 
off leads  to  a  great  gain  over  the  older  type  of  direct-acting  pump 
with  full-stroke  admission. 
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CttFx      I'O         ^        15         '         ^ 
Fia.  600. — ^Worthington  Triple-expansion  Pumping  Engine. 
Horizontal,  duplex,  superheated  steam,  jackets. 
Test  332,  Nov.,  1899.         E.  H.  Foster,  Trans.  A.S.M.E.,  21-788. 
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An  efficient  example  of  the  latter  type  is  given  in  Fig.  600. 
The  admission-line  of  each  of  the  lower  stages  is  dotted  in  beneath 
the  exhaust-line  of  the  stage  above,  to  show  the  pressure-drop. 
The  loss  by  receiver-drop  is,  of  course,  the  most  striking  feature 
of  this  diagram.  The  effect  of  superheat  and  of  the  jackets  is  seen 
in  the  very  full  volumes  realized  at  cut-off — the  heat-equivalent 
of  the  receiver-drop  loss  helping  in  this  respect.  The  set  of  essen*- 
tially  similar  diagrams  analyzed  as  to  driving-force  action  in 
§  36  Qi)  shows  how  nearly  uniform  this  driving-force  will  be. 

(d)  The  Effect  of  Steam-jacketing. — We  now  take  up 
engines  of  the  Corliss  t)T)e,  and  of  the  size  and  speed  usual  for 
driving  machinery  and  electric  generators.  The  first  pair  ol 
examples,  brought  together  in  Fig.  601,  afford  a  most  instructive 
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comparison  between  the  systems  of  non-use  and  use  of  steam- 
jacketsr— each  engine  being  properly  designed  for  its  particular 
conditions.  In  A  we  have  a  large  engine  at  quite  fairly  high  speed, 
both  size  and  speed  being  so  great  that  jacketing  would  have  little 
if  any  useful  effect:  the  engine  has  a  reheater  in  the  receiver,  but 
even  that  was  left  out  of  action  during  the  tests.  In  B,  on  the 
other  hand,  the  engine  is  smaller,  the  speed  is  low,  and  the  ratio 
of  expansion  is  somewhat  greater;  the  jackets  are  fully  applied 
to  barrels  and  heads  of  cylinders,  and  to  the  receiver.  Note  that 
diagram  B  is  drawn  for  one  pound  of  total  steam,  the  jacket- 
steam  being  included  under  the  one-pound  saturation-curve,  as 
indicated  by  the  short  dotted  curve  at  the  top. 

To  prepare  the  way  for  a  comparison  of  thermal  actions  in  these 
two  cases,  we  note  first  that  engine  A  is  working  with  a  lower 
admission-pressure  and  a  higher  exhaust-pressure  than  engine  B, 
besides  having  a  less  complete  expansion;  if  the  two  were  made 
alike  as  to  these  major  conditions,  A  would  slightly  surpass  B  in 
steam-economy,  instead  of  falling  3.5  per  cent,  behind,  even 
accepting  the  larger  pressure-loss  between  the  cylinders  which  is 
caused  by  the  higher  speed.  The  great  advantage  of  size  and 
speed  appears  in  the  greater  fullness  of  the  diagram,  or  the  rela- 
tively larger  volume  during  expansion,  especially  in  the  H.P 
cylinder. 

In  this  connection  the  "quality-curves"  plotted  in  the  uppes 
part  of  the  figure  are  of  interest.  These  give  the  proportion  of 
the  actual  steam  in  the  cylinder  which  is  shown  by  the  indicator 
throughout  the  expansion:  for  Case  B  this  would  be  got  by  a 
comparison  of  the  diagram  with  the  abscissa  of  the  dotted  steam- 
weight  curve  which  is  only  b^un  on  the  figure  and  which  would 
represent  the  volume  of  0.881  lb.  of  steam,  according  to  the  value 
of  /  for  this  case.  Among  the  numerical  quantities  under  A, 
the  values  of  /  first  given  are  from  the  original  report,  those  in 
parenthesis  are  from  the  diagrams  as  here  plotted.  The  rising 
of  the  curves  indicates  re-evaporation  as  expansion  progresses. 
Curves  of  this  sort,  carefully  laid  out  from  accurate  measurements, 
serve  to  show  very  clearly  the  character  of  the  thermal  action  in  the 
cylinder. 
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Comparing  these  two  engines,  we  see  that  the  effect  of  the 
jackets  in  B  is  to  raise  /  to  about  the  same  average  value  as  in  A, 
thus  overcoming  the  influences  of  lower  speed  and  smaller  cylinders; 
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Fig.  601. — Comparison  of  Unjacketed  and  Jacketed  En^es. 

A.  Horizontal,  cross-compound,  Corliss,  plain  receiver,  no  jackets. 

Test  254,  1893.        J.  E.  Denton  and  others,  Trans.  A.S.M.E.,  15-882. 
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B.  Remodelled  beam-engine,  Corliss  gear,  reheater  and  full  jackets. 
Test  333,  May,  1895.        Michael  Longridge,  Engineering.  1896,  I.  132. 
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tut  this  leaves  B  nearly  12  per  cent,  behind  A  as  regards  thermal 
action,  so  that  in  effect  the  jacket-steam  just  overcomes  the  handi- 
cap as  to  size  and  speed.    Without  the  jackets,  of  course,  engine 
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B  would  fall  a  good  deal  farther  behind  A  in  the  matter  of  cylinder- 
wall  losses. 

Fig.  601  is  intended  to  show  typical  extreme  cases:  but  a 
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Fig.  602. — Mcintosh  &  Seymour  Generator  Engine. 

Vertical,  cross-compound,  slight  superheat,  reheater,  jackets. 

Compare  Tests  243,  244;  1901.       L.  S.  Marks,  Trans.  A.S.M.E.,  25-443. 

A,  full  load,  B,  half  load,  with 
jackets  and  reheater;  C,  full  load, 
without  jackets  and  reheater. 

<Sh  J  Ac        -^IB        Ac        ^2B 

13.59     .075     .68     .78     .90     .91 
13.71     .P90     .58     .85     .90     ;95     • 
14.41     ....     .60     .75     .76     .83  .  /» 

better  estimate  of  jacket-effect  can  be  formed  by  comparing  resulti^ . 
from  the  same  engine,  as  in  Fig.  602.  For  this  purpose  we  consider^ 
diagrams  A  and  C.     Here  the  pound  of  cylinder-steam  is  the 
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unit,  which  makes  the  diagram  with  jackets  appear  relatively  bet- 
ter than  it  really  is.  The  jackets  cause  sli^tly  drier  steam  in 
the  H.P.  cylinder,  but  very  greatly  diminish  the  condensation  in 
the  L.P.  cylinder:  and  it  is  apparent  that  the  reheater  helps  to 
hold  up  the  admission-pressure  in  the  large  cylinder.  The  final 
criterion  is  the  value  of  Sbj  and  with  this  engine  jacketing  is  to 
be  credited  with  a  gain  of  about  six  per  cent,  at  full  load;  at 
half  load  the  gain  was  about  ten  per  cent.    * 

Diagram  B,  to  be  compared  with  A,  shows  the  larger  cylinder- 
condensation  and  the  greater  re-evaporation  with  early  cut-off; 
and  also  gives  an  example  of  a  loop  at  the  lower  end  of  the  H.P. 
diagram.  Noting  the  values  under  D  on  the  figure,  we  see  that 
the  L.P.  cut-off  is  too  early  at  both  loads  with  the  jackets.  Without 
jackets,  the  fact  that  relatively  smaller  steam-volumes  are  realized 
in  the  L.P.  cylinder  tends  to  equalize  the  work-division. 

This  latter  fact,  or  the  change  in  the  general  character  of  the 
main  expansion-curve,  forms  a  strong  point  of  difference  between 
jacketed  and  unjacketed  engines.  In  the  first  type,  the  curve 
holds  up  to  and  even  rises  beyond  the  equilateral  hyperbola — in 
Fig.  602,  Case  B,  the  rise  is  unusually  great,  as  shown  by  the  values 
of  jxv  under  M.  Case  C  is  anomalous,  but  the  diagrams  in  Fig.  602 
are,  in  the  original  publication,  probably  the  least  accurate  of 
those  here  presented.  Case  A  of  Fig.  601  and  Case  B  of  Fig.  603, 
with  Fig.  596  for  smaller  cylinders,  are  more  truly  characteristic 
of  non-jacketed  engines. 

(e)  The  Engine  with  High  Superheat. — A  very  good  example 
of  the  use  of  highly  superheated  steam,  supplied  by  a  separately 
fired  superheater  according  to  the  Schmidt  system,  is  given  in 
Fig.  603,  with  diagrams  from  the  same  engine  when  using  saturated 
steam  dotted  in  for  comparison.  The  indicator  cards  give  another 
comparison,  on  the  basis  of  approximately  equal  power  develop* 
ment — as  against  equal  steam-weights  in  the  combined  diagrams. 
In  spite  of  the  cooling  effect  of  the  reheater-coil  (through  which  a 
part  of  the  main  supply  passes)  and  of  the  cylinder  walls,  the 
steam  is  quite  highly  superheated  at  H.P.  cut-off,  is  slightly  super- 
heated at  H.P.  release,  and  after  reheating  b  still  above  satiu'ar 
tion  during  the  first  pttft  of  the  L.P.  expansion.    With  considerable 
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superheat,  the  curves  of  expansion  and  compression  depart  quite 
widely  from  the  hyperbola:  for  the  H.P.  expansion  in  Case  A, 


Fig.  603. — Corliss  Engine  with  Highly  Superheated  Steam. 

Horizontal,  cross-compound,  reheater  through  which  passes  a  peat  of  the 

main  supply  of  steam,  no  jackets. 

Test  291,  July,  1903.        D.  S.  Jacobus,  Trans.  A.S.M.E.,  25-264. 

N  V         p„,  H  Sb 

A    102.3      716      31.5      420.4        9.56 
B    102.2      715      30.5      406.7      13.84 


X42 
3.08 


16  28 
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A  with  steam  superheated  about  375^;  B  with  saturated  steam. 


the  value  of  the  index  n  in  2W**=C  is  1.26,  found  from  the  coor- 
dinates of  the  points  marked  1  and  2  by  substituting  in  the  formula 

log  Pt- log  Pa 


n= 


logVa-logr/ 


(391) 
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wliich  comes  directly  from  Vx^i^^ViPJ^-  ^^^  just  as  this  expan- 
sion-curve drops  more  rapidly  than  with  wet  steam,  so  also  does 
the  compression-curve  rise  more  rapidly  than  in  case  B. 

This  marked  change  in  the  shape  of  the  expansion  exerts  quite 
an   influence   upon   the   work-division.    The   steam-volumes   in 


Fia.  604. — Fleming  Four-valve  Engine,  high  cylinder-ratio, 
Tandem-compound,  reheating  receiver,  no  jackets. 

.S.M.E., 


Test  236.2. 1903. 
16  40  X27 


2H 
.0395 


2tt-4} 
.0467 


7.33 


B.  T.  Allen,  Trans.  A.S.M.E.,  25-212. 

Ar=150.1        7=675        Pta-19.1 
^=501.6        5h=12.66 
J=  .0427 


the  L.P.  cylinder  are  relatively  so  much  smaller  when  working 
from  high  superheat  that  the  cylinder-ratio  will  be  smaller  for  the 
same  completeness*  of  expansion  (as  measured  by  the  pressure  at 
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release).  The  combined  diagrams  show  very  clearly  that  a  four 
to  one  ratio  would  be  needed  for  good  expansion  with  satiu'ated 
steam,  with  which  increase  there  would  be  a  lowering  of  the  re- 
ceiver-pressure because  of  the  larger  volume  at  L.P.  cut-off.  As 
regards  steam-economy,  it  must  be  borne  in  mind  that  the  heat 
of  formation  of  the  pound  of  steam  is  very  considerably  increased 
when  its  temperature  is  raised  several  hundred  degrees. 

(/)  The  High-ratio  Compound  Engine. — ^Typical  values  of 
the  ratio  of  the  L.P.  to  the  H.P.  cylinder  in  usual  practice  are 
2.4  to  2.8  for  non-condensing,  3.5  to  4.5  for  condensing  engines. 
Another  type  of  design,*  aiming  at  full  expansion  with  the  fewest 
possible  cylinders,  is  based  on  a  ratio  of  about  7,  which  is  a  very 
common  total  ratio  for  the  triple-expansion  engine.  The  slightly 
greater  thermal  losses  (as  compared  with  a  three-stage  engine) 
are  compensated  by  the  fact  that  there  is  only  one  set  of 
Teceiver  losses:  but  the  necessity  of  more  than  the  desirable 
amount  of  receiver-drop,  as  shown  in  Fig.  604,  partly  neutralizes 
the  gain  due  to  greater  expansion. 

As  to  the  actual  performance  shown  by  this  figure,  it  is  a  little 
too  good  to  be  accepted  as  entirely  reliable:  in  other  words,  the 
'.smallness  of  the  ''missing  quantity",  as  evidenced  by  the  fact  that, 
with  only  a  little  clearance-steam'  back  of  the  diagram,  its  expan- 
sion-curve is  thrown  out  to  or  beyond  the  unit-weight  curve,  does 
not  correspond  with  the  size  and  speed  of  the  engine  and  with  the 
use  of  saturated  steam. 

The  indicator  diagrams  illustrate  very  fully  the  variation  in 
;steam  distribution  with  change  of  load,  the  proportions  being 
A— J,  B=},  C=l,  D=l.l  of  rated  load.  The  low  admission-pres- 
:sure  in  Case  B  is  due  to  a  decrease  in  the  boiler-pressure,  while  in 
Case  A  a  further  drop  in  boiler-pressure  is  supplemented  by  throt- 
tling due  to  a  small  valve-opening — see  Fig.  493. 

(</)  Triple-expansion  Pumping  Engines. — The  slow-running 
pumping  engine,  with  small  pressure-losses  between  the  cylinders. 
And  with  the  thermal  losses  minimized  by  the  full  and  effective  use 


*  Generally  known  as  the  Rockwood  system,  from  Mr.  Geo.  I.  Rockwood, 
the  most  prominent  introducer.  • 
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of  jackets  and  reheaters,  gives  a  higher  performance  than  any 
other  type  of  engine.    Typical  diagranas  are  given  in  Fig.  605, 

M 


Fig.  605. — Two  Vertical  Triple-expansion  Pumping  Engines,  reheaters, 

jackets. 

I.  Allis-Chalmers  Engine  at  Milwaukee. 

Test  353,  March,  1893.        R.  H.  Thurston,  Tians.  A.S.M.E.,  15-^13. 
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II.  SnowEng 
Test  356,  Dec,  1898.        W.  F 

iV«20.31        F-203        pm«26.4 
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ine  at  Indianapolis. 
.  M.  Goss,  Trans.  A.S.M.E.,  21-793. 
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both  from  machines  of  the  general  form  illustrated  in  Fig.  230. 
These  diagrams  call  for  no  conmient^  their  excellence  being  self* 
evident. 
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(h)  An  Engine  with  a  Special  Steam-cycle. — ^The  engine 
whose  performance  is  represented  in  Fig.  606  has  a  number  of 


CuFt.  'b  '  2'0  '  3^. 

Fig.  606. — Nordbei«  Quadruple  Pumping  Engine  at  Pittsburg. 
Test  365,  1898.        ft.  C.  Carpenter,  Eng.  Rec,  April  22,  1899. 

Ratios  2.267    6.721     9.076    I      iV=36.52     7=256      Fm  =  35.4 

a.     .0125     .0130     .0055     .0036    I  /f=712.2        Sh=12A2 

points  of  interest;  but  the  chief  is  the  form  of  the  steam-cycle, 
which  is,  in  effect,  a  close  approximation  to  the  Camot  cycle. 
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The  essential  requirement  for  maximum  eflSciency  between  certain 
limits  of  temperature  is  that  all  the  heat  received  be  taken  in  at 
the  upper  limit  and  that  all  the  waste  heat  be  rejected  at  the  lower 
limit.  For  the  other  two  phases  of  the  cj'cle — the  temperature- 
changing  phases — the  adiabatic  operation  is  the  most  obvious^ 
but  not  the  only  one  available.  Suppose  that  during  the  temper- 
ature-lowering or  expansion  phase  some  heat  is  abstracted  from 
the  working-medium,  each  small  portion  of  heat  being  stored  in 
a  part  of  the  apparatus,  at  the  temperature  at  which  it  was  ab- 
stracted; and  that  in  the  temperature-raising  or  compression  phase 
this  heat  is  returned  at  its  proper  temperature;  then  the  cycle 
thus  made  up  of  two  isothermals  and  two  isodiabatics  will  be  equiv- 
alent to  the  Camot  cycle,  having  the  same  efficiency: 

In  this  Nordberg  pumping  engine,  steam  is  taken  from  the 
expansion  side  of  the  cycle  at  a  number  of  points,  and  used  to 
heat  the  feed-water  by  successive  steps.  The  water  first  passes 
through  a  surface  heater  in  the  exhaust-pipe,  between  the  L.P. 
cylinder  and  the  condenser;  then  it  goes  through  a  series  of  mixing 
heaters,  being  pumped  from  each  lower  one  to  the  next  one,  in 
which  there  is  a  higher  temperature  and  pressure.  Steam  for  these 
heaters  is  taken  from  the  exhaust-pipe,  from  the  L.P.  cylinder 
at  release,  from  the  third,  the  second,  and  the  first  receivers — the 
jacket  and  reheater  drains  being  included  in  the  steam  and  water 
thus  abstracted:  at  the  L.P.  release  the  steam  for  the  heater 
escapes  from  the  cylinder  through  a  small  special  valve  which  is 
opened  for  a  little  while  near  the  end  of  the  stroke.  Then  the 
boiler,  instead  of  being  obliged  to  heat  the  feed-water  from  the  ex- 
haust-temperature receives  this  water  at  a  temperature  near  to 
that  in  the  first  receiver. 

In  comparing  this  engine  with  others  which  have  the  Rankine 
cycle  for  their  limit,  the  steam-consumption  in  pounds  ceases  to  be 
a  fair  basis,  and  the  absolute  efficiency,  or  the  ratio  of  work  done 
to  heat  used,  must  be  found.  This  comparison  is  made  in  Chapter 
XIII. 
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It  will  be  noted  that  any  jacketed  engine  in  which  the  jacket- 
water  is  either  returned  at  full  pressure  to  the  boiler  or  mixed  with 
the  feed;  so  as  to  raise  the  latter  above  the  exhaust-temperaturei 
goes  a  little  way  from  the  Rankine  cycle  toward  the  form  just  de» 
scribed. 

On  Fig.  606  the  diagrams  got  without  the  use  of  the  special 
feed-heaters,  but  with  all  the  jackets  in  service,  are  dotted  in.  Theso 
are  laid  out  for  the  same  power,  or  on  the  same  base-lines,  and  are 
intended  to  show  how  the  total  expansion  is  modified  by  th& 
successive  abstractions  of  a  part  of  the  working  steam.  The  fuIU 
line  figures  are  drawn  for  one  pound  of  total  steam,  the  jacket 
consumption  not  being  separately  determined. 

The  mechanism  consists  of  two  triangular  rockers  and  of  two 
connecting-rods,  with  their  stroke-lines  at  right  angles,  working  on 
one  crank.  The  effect  of  this,  together  with  the  grouping  of  the 
cylinders,  is  as  if  the  f oiw  cylinders  were  in  a  row,  with  four  cranks, 
each  one  at  90°  with  the  one  ahead  of  it.  The  characteristic  action 
for  this  arrangement  is  quite  strongly  marked  in  the  first  two 
receivers. 

(i)  Triple-expansion  Power  Engines,  in  regard  to  the 
amount  of  clearance  and  to  the  form  of  their  diagram  in  such 
matters  as  pressiu-e-loss  and  throttling  effects,  lie  between  the 
pumping  engines  as  just  illustrated  and  the  marine  engines  which 
follow ;  and  it  has  not  been  thought  necessary  to  give  any  diagrams 
from  this  class.  For  both  factory  service  and  driving  generators, 
triple  engines  are  much  more  used  in  Europe  than  in  America,  the 
cost  of  coal  being  an  important  factor  in  determining  whether 
the  slightly  more  efficient  but  more  costly  machine  will  really  be 
more  economical  in  total  charges:  see  also  statements  in  §  70  (b), 
under  Table  70  A. 

(f)  Marine  Engines. — Not  many  steam-consumption  tests  of 
marine  engines  have  been  made,  although  plenty  of  indicator 
cards*  and  of  coal-consumptiqn  tests  are  available.  The  triple 
engine,  in  the  smaller  sizes,  is  well  represented  by  Fig.  607,  both 
engines  having  three  cylinders,  with  cranks  at  120°.  Comparing 
Fig.  607  with  605,  we  see  that  the  effective  volume  at  any  pressure 
is  less  in  the  former,  even  when  account  is  taken  of  the  fact  that 
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the  marine  diagrams  are  drawn  for  one  pound  of  total  steam,  the 
piimping-engine  diagrams  for  one  pound  of  cylinder  steam  (not 


To 


ID  30         £0        ^         3'0  I'D         CuFt. 

Fio.  607. — ^Triple-expansion  Marine  Engines.    Tests  by  Committee  of  Inst. 

of  Mech.  Engs.,  A.  B.  W.  Kennedy,  Chamnan. 

I.  S.S.  Meteor.    Test  382,  June,  1888.     Eng.,  1889, 1.  527. 


29          44 

70       X48 

.V=71.78       F=574        pm=29.9 

41-7      4|-7 

4i-7      2.29 

^=1994         Sn=U.9S 

.124       .093 

.080      5.87 

A=.771          /3=. 753  total. 

II.  S.S. 

lona.     Test  383 

,  July,  1890.     Eng.,  1891, 1.  568. 

22          34 

57       X39 

.V=61.1          F=396        pm=21.1 

5            5 

5      2.46 

//=645.4         ,Sh=13.35 

.124       .101 

.076       6.93 

J=  .043       /=  .634,  .749,  .591  total 

I.  Jackets  on 

all  cylinders. 

II.  Only  H.P.  cylinder  jacketed. 

including  jacket-feed).    This  greater  thermal  loss  and  the  larger 
pressure-losses  between  the  cylinders,  together  with  the  fact  that 
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in  most  cases  the  expansion  is  much  shorter,*  account  for  the  larger 
values  of  Sn  given  under  Figs.  607  and  608.  The  Meteor  engine 
had  jackets  on  all  the  cylinders,  though  their  steam-consumption 
^as  not  separately  determined;  the  lona  engine  had  only  the  H.P. 
cylinder  jacketed;  but  in  both  there  is  the  action  characteristic  of 
the  non-jacketed  engine,  as  shown  by  the  large  drop  in  the  value 
of  pv  in  the  L.P.  cylinder.  In  spite  of  its  smaller  size  and  some- 
what greater  thermal  losses  (apparent  on  the  diagram),  the  second 
engine  shows  better  economy  because  it  has  smaller  receiver-drop 
losses  and  fuller  expansion.  These  advantages  are  due  to  the 
earlier  cut-offs  and  to  the  larger  cylinder-ratio. 

It  will  be  noted  that  in  the  first  two  stages  of  both  these  diagrams 
the  clearance-steam  is  just  about  enough  in  amount  to  throw  the 
expansion-curves  out  to  the  one-pound  saturation-curv'^e:  in  other 
words,  the  clearance-steam  is  nearly  equal  to  the  missing  quantity 
of  working  steam.  The  diagram  from  the  Meteor  is  redrawn  in 
Fig.  609  w^th  the  clearance-steam  eliminated,  and  a  rather  clearer 
idea  of  effective  performance  can  be  got  from  that  figure. 

The  engines  in  Fig.  608  all  have  the  last  stages  divided  between 
two  L.P.  cylinders;  I.  and  II.  have  four  cranks,  arranged  in  pairs 
opposite  each  other  at  the  ends,  and  with  these  pairs  quartered 
(as  in  Case  B,  §  40  (fc)),  but  with  the  angles  modified  from  180® 
and  90®;  III.  has  five  cranks.  Diagram  I.  represents  the  warship 
engine,  which  is  under  requirements  similar  to  those  imposed 
upon  the  locomotive,  in  that  a  large  power-development  is  de- 
manded  in  proportion  to  the  size  of  the  machine.  The  striking 
characteristics  are  high  initial  pressure  and  short  expansion  or 
high  terminal  pressure:  and  a  further  noteworthy  point  is  the 
large  gap  between  stages  2  and  3,  with  the  marked  collapse  of 
steam-volume  in  the  last  stage.  The  diagram  was  made  from 
indicator  cards  which  had  been  reduced  to  small  size  for  publica- 
tion, so  that  there  is  room  for  some  error  in  the  scaling;  but  that 
this  error  cannot  be  very  large  is  shown  by  the  fitting  together 
of  the  indicator  cards  in  the  upper  part  of  tne  figure,  by  the  close 


*  By  short  expansion  is  here  meant  not  a  small  ratio  of  expansion,  but 
a  small  absohite  volume  of  the  pound  of  steam  when  it  is  exhausted. 
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Fia.  608.— Marine  Engines. 
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agreement  of  the  hyperbola  with  the  L.P.  expansion-curve,  and 
by  the  confirmatory  results  in  diagram  II.  It  is  hard  to  see, 
however,  why  there  should  be  so  great  a  drop  of  pressure  between 
these  two  stages.  The  two  L.P.  indicator  cards,  each  a  mean  for 
its  cylinder,  are  sketched  together  to  show  how  nearly  they  agree: 
in  the  combined  diagram  their  average  is  used,  the  whole  diagram 
being  drawn  as  the  mean  for  the  two  engines,  or  from  four  sets  of 
cards.  The  engines  have  jackets,  but  they  were  not  in  service 
when  these  diagrams  were  taken.  In  general,  the  economy  waa 
better  without  the  jackets. 

In  Fig.  608  II.  the  diagrams  are  accurate,  but  the  steam-con- 
sumption is  only  assumed  at  a  probable  value:  the  volume-scale 
corresponds  with  15  lbs.  per  horse-power-hour,  and  the  resulting 
position  of  the  saturation-curve  is  about  what  should  be  expected 
in  view  of  the  size  and  speed  of  the  engines.  These  have  jackets, 
but  they  are  not  usually  filled  with  steam  when  the  engine  is 
running,  being  rather  used  for  warming  the  cylinders  before 
starting.  As  in  engine  I.,  there  is  a  decidedly  poor  vacuum 
realized  in  the  cylinder:  but  with  such  short  expansion  high 
vacuum  does  not  add  much  to  the  performance  of  the  engine. 

Fig.  608  III.  shows  an  action  in  which  there  is  e\  idence  of  a 
strong  and  successful  effort  after  economy.  The  steam  is  super- 
heated about  80  degrees,  besides  being  made  at  a  very  high  pressure; 

Fig.  QOS— (Continued), 

I.  H.M.  Cruiser  Argonaut.    Sir  John  Durston,  paper  before  Inst.  Nav.  Arch. 
Test  385.    Eng.,  1899, 1.  391,  432. 

Two  34     55     64-64      X48  iV«- 115.3     7-922      7)^=38.3 

5i      5i      5}      2.685  H-ISJSS        5h=15.44 

.24     .20     .16        7.155 

IT.  S.S.  Kaiser  WUhelm  der  GroBse.    Enq.,  1898, 1.  649. 
Two  51.9    89.8    96.5-96.5     X68.9    2.98  I     iV«78  V«896 

.16       .12  .08  6.98  I    pm«37.4     //-29,150 

ni.  S.S.  Inehdune,  five-cylinder  quadruple.    Eng.,  1901, 1.  71. 


17       24 

34      41^42 

X42 
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F-511 

a 20       .13 

.11       .06 

?Vi=35.2 

H^1627 

Ratios         2.00 

4.00    6.12 

Steam-consumption  not  determined  in  last  two;  estimated  at  15  lbs.  in 
II.,  at  11  lbs.  in  III. 
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the  cylinders  are  fully  jacketed,  and  the  receivers  have  reheaters; 
the  expansion  is  quite  full;  and  the  vacuum  is  good.  The  only 
data  as  to  economy  is  the  statement  that  a  long  run  was  made  on 
0.97  lb.  of  coal  per  H.P.H.  This  appears  to  be  a  little  too  good, 
but  the  assumption  of  11  lbs.  of  steam  per  H.P.H.  cannot  be  far 
out  of  the  way. 

(4)  The  Distribution  op  the  Losses  in  a  multiple-expansion 
engine  is  well  illustrated  by  Fig.  609,  which  is  given  chiefly  with 
the  idea  of  collecting  into  concise  form  some  ideas  brought  out  in 
the.preceding  discussion.  Diagrams  from  the  S.S.  Meteor^  Fig.  607 
I.,  are  redrawn  with  the  compression-curves  brought  to  the  pres- 
sure-axis, so  as  to  eliminate  the  clearance-steam.  Curve  A  is  the 
saturation  or  constant-weight  curve  for  one  pound  of  steam,  used 
as  a  reference-line  in  all  the  combined  diagrams  which  have  just 
been  given.  Curve  B  is  the  adiabatic,  starting  with  one  pound  of 
dry  steam  at  boiler-pressure,  and  running  out  to  a  terminal  pressure 
the  same  as  that  which  the  actual  L.P.  expansion-curve  would 
have  if  produced  to  the  end  of  its  diagram.  On  each  expansion- 
curve  is  drawn  a  hyperbola,  marked  C,  D,  and  E  respectively. 
Then  losses  due  to  shrinkage  of  volume  on  account  of  cylinder 
coijdensation  (with  leakage  included  as  a  partial  cause)  are  shown 
by  one  direction  of  cross-hatching,  losses  due  to  throttling  or  to 
free  expansion  are  grouped  together  and  shown  by  the  opposite 
cross-hatching.  There  will  be  some  minor  points  where  such  a 
division  will  appear  more  or  less  arbitrar}'^,  the  exact  interpreta- 
tion being  open  to  dispute.  The  idea  of  the  little  extension  at 
F  is  that  if  the  full  adiabatic  volume  were  realized,  the  steam  would 
fill  a  larger  space  when  at  the  exhaust-pressure.  The  adiabatic  is 
really  the  proper  reference-curve  when  considering  the  thermody- 
namic performance,  but  for  ordinary  purposes  the  saturatior.- 
cur\'e  is  rather  more  useful,  since  it  enables  us  to  see  the  condition 
of  the  steam  in  the  cylinder. 

(/)  The  Diagram  Factor. — For  the  purpose  of  determining^ 
the  approximate  size  of  the  L.P.  cylinder  of  an  engine  which  is 
to  develop  a  certain  power,  it  is  convenient  to  be  able  to  estimate 
roughly,  by  a  simple  computation,  what  the  reduced  M.E.P.  or 
Pnj  is  likely  to  be.     One  way  is  to  collect  values,  from  actual 
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engines,  of  the  "coefficient  of  fullness"  or  diagram  factor,  this 
being  the  ratio  of  the  effective  area  of  the  combined  diagrams  to 
a  simple  circumscribing  diagram  with  the  (jw=C)-line  for  its  ex- 
pansion-curve. 

One  method  is  to  take  the  ordinary  combined  diagram,  with 
the  clearance-line  as  vertical  axis,  and  draw  the  hyperbola  to  touch 


Cu-Ft. 

Fia.  609. — Diagrams  from  S.S.  Meteor, 
referred  to  compression-curves. 


Throttlin©. 


Fro.  610.— To  Illustrate  the 
Diagram  Factor. 


the  H.P.  expansion-curve  at  cut-off,  extending  it  from  the  boiler- 
pressure  to  the  end  of  the  L.P.  diagram.  In  Fig.  610  this  makes 
ABCDR  the  ideal  figure,  though  some  engineers  have  used  the 
base-line  OT  instead  of  the  condenser-pressure  line  RD  as  the 
bottom  of  the  diagram.  Using  RD,  the  area  of  the  indicator 
diagrams  is  57.2  per  cent,  of  the  area  of  ABCDR.    Busley,  in  his 
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The  Marine  Steam-engi.ne  (original  in  German),  gives  a  collection 
of  factors  which  lie  in  the  neighborhood  of  0.67,  ranging  from 
0.60  to  0.75  for  various  classes  of  marine  engines. 

The  really  logical  scheme  is  to  transfer  the  diagrams  into  the 
dotted  position,  and  make  the  compression-curves  agree  with  the 
-axis  AO  (as  in  Fig.  609);  then  the  hyperbola  HN  is  drawn,  with  O 
as  origin,  and  the  effective  combined  area  is  compared  with  AHNPR, 
coming  here  to  84.7  per  cent.  But  this  involves  too  much  graphical 
work  and  changes  the  lengths  of  the  respective  diagrams  to  some- 
thing else  than  the  actual  cylinder-volumes  (as  laid  off  to  scale). 

For  convenient  practical  use  the  best  method  is  simply  to  bring 
the  several  end-lines  to  a  common  axis,  as  would  be  done  if  the 
L.P.  diagram  were  moved  a  little  way  to  the  left  in  Fig.  610,  so  as 
to  touch  EQ.  Then  with  Q  as  origin  the  hyperbola  B'F  is  dra^n, 
to  touch  the  H.P.  expansion-curve  at  a  point  on  a  horizontal 
line  through  the  upper  end  of  the  compression-curve — this  making 
the  diagram  QEB'F  have  the  same  width,  at  any  pressure,  as 
OAHN.  The  length  SG  is  the  same  as  that  of  the  L.P.  diagram, 
representing,  as  is  proper,  the  volume  of  the  large  cylinder.  With 
this  area  EB'FGS  as  standard,  the  factor  is  0.806.  The  area  or 
the  mean  pressure  of  any  of  these  simple  ideal  diagrams  can  easily 
be  calculated  as  in  §  17  (c),  with  Table  I.  to  diminish  the  arithmet- 
ical work  involved. 

Variation  in  the  standard  used  by  different  writers  makes  the 
4iiagram-factor  method  less  useful  than  it  might  be.  Even  for  the 
roughest  preliminary  work  it  is  better  to  sketch  out  the  diagram 
and  measure  it. 

(m)  The  Single-acting  Tandem-compound  Engine. — To  com- 
plete this  subject  of  compound-engine  diagrams,  we  must  take 
note  of  the  peculiar  action  which  is  introduced  when  a  single- 
acting  compound  engine  is  changed  from  the  Westinghouse  form 
<Fig.  255)  to  the  Willans  form  (Fig„  439).  To  prevent  a  great 
variation  in  the  pressure  on  the  under  side  of  the  higher  piston, 
it  is  natural  to  use  the  Variable  space  between  this  piston  and  the 
next  cylinder-head  as  the  receiver;  but  since  the  varying  pressure 
in  the  receiver  acts  on  a  moving  surface,  it  is  necessary  to  take  an 
indicator  card  from  the  receiver,  and  find  what  work  is  done  upon 
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the  "wrong  side "  of  the  piston.  A  typical  combined  diagram  from 
a  two-stage  Willans  engine  is  reproduced  in  Fig.  611.  Referring 
to  Fig.  439,  we  see  that  on  the  up-  or  exhaust-stroke  the  combined 
volume  of  cylinder  C^  and  receiver  R  is  constant,  so  that,  barring 
secondary  influences,  the  steam-pressure  throughout  this  space 
^ill  be  constant,  as  shown  by  the  horizontal  line  between  diagrams 
Cj  and  R  in  Fig.  611.  During  the  down-stroke  the  receiver  pres- 
sure drops  till  L.P.  cut-off,  then  is  raised  by  compression:  so  that 
on  the  lower  side  of  the  H.P.  piston  is  done  the  work  represented 
ty  the  area  of  diagram  R.  In  any  ordinary  direct-expansion 
engine,  with  receiver  of  constant  volume,  the  separate  areas  C^ « 
and  R  are  combined  in  a  single  figure. 

Somewhat  more  complex  in  its  action  is  the  Schmidt  "motor" 
represented  in  Fig.  612.    On  the  down-stroke,  steam  is  admitted 


Fig.  611. — Diagrams  from  Compound 
Willans  Engine. 


Fig.  612.— Section  ot  Schmidt 
"Motor"  for  Superheated  Steam. 


to  Cj  through  the  annular  port  in  the  cylinder-head,  controlled 
by  a  lift  valve  Vj,  and  Vj  is  open,  admitting  steam  to  Cj,  and 
equalizing  the  pressure  in  R  and  Cj,*  but  the  communicating 
volume  decreases,  because  the  H.P.  piston  advances  into  it,  and 
the  receiver-pressure  rises.     On  the  up-stroke  C^  is  open  to  R, 
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and  the  receiver-pressure  falls  on  account  of  a  volume^increase  due 
to  the  displacement  of  the  annular  excess  of  the  laige  piston  over 
the  small  one.  Still,  the  receiver-pressure  is  greater  than  the  L.P, 
exhaust-pressure,  so  that  there  is  an  effective  driving-force,  ap- 
proximately equal  to  that  in  the  down-stroke.  This  engine  has 
what  are  essentially  single-acting  pistons,  and  yet  through  the 
effect  of  the  receiver  gets  the  force-play  of  a  double-acting  engine. 
The  M.E.P.  of  the  receiver  diagram  will  be  considered  as  acting 
upon  the  full  bottom  area  of  the  piston  when  calculating  work 
or  power:  but  when  the  diagrams  are  to  be  combined  it  is  better 
to  "reduce"  this  diagram  to  a  shorter  length  or  smaller  volume, 
increasing  the  ordinates  as  the  base-line  b  shortened — as  suggested 
by  Professor  Doerfel  in  Zeitschrift  des  Vereins  deutscher  Ingenieure, 
1899,  page  1562.    The  result  looks  very  much  like  Fig.  611. 

§  70.  Cylinder  Proportions  in  Practice. 

(a)  Range  op  Data. — Numerous  examples  of  compound-engine 
dimensions  will  be  found  scattered  through  Chapter  VIII.,  set 
forth  under  the  diagrams  in  the  last  section,  and  especially 
gathered  together  in  the  Test  Tables  in  Chapter  XIII.  Besides 
these,  and  for  the  better  presentation  of  certain  phases  of  the 
subject,  the  tables  in  this  section  have  been  compiled. 

The  two-stage  engine  is  so  fully  and  widely  covered  by  Tables 
75  B  and  C  that  very  little  need  be  added  here:  in  Table  70  A  the 
first  group,  Nos.  1  to  7,  is  made  up  of  engines  with  very  low  cylinder- 
ratios;  while  Nos.  8  to  10  are  intended  to  show  the  range  of  pro- 
portions in  compound  marine  engines,  supplementing  Tests  371 
to  374.  Table  70  B  gives  a  set  of  representative  examples  of 
multiple-expansion  power  and  pumping  engines,  with  extreme 
values  of  the  total  ratio  in  the  first  and  last  cases:  these  are  mostly 
repeated  from  Tables  75  C  and  D,  but  there  is  here  room  for  a 
fuller  analysis  of  the  relations  between  the  successive  stages.  The 
field  of  marine  engineering  is  sufficiently  covered  by  Table  70  C. 

(6)  The  Compound  Engine. — The  lowest  ratio  of  which  the 
writer  has  knowledge  is  found  in  some  small  electric-light  engines 
for  use  on  British  warships,  with  cylinders  16  and  20  by  8,  the  ratio 
being  1.56;  but  while  working  on  a  very  high  boiler-pressure, 


§70(6)]         CYLINDER  PROPORTIONS  IN  PRACTICE.  505 

this  engine  exhausts  at  high  pressure  into  the  second  receiver 
of  the  main  engine  or  into  the  evaporator.  For  engines  with 
normal  exhaust,*  the  ratio  2.0  is  about  the  limit.  Example  No.  1, 
Table  70  A,  is  an  extreme  case  for  a  non-reversing  engine.  If  the 
engine  is  to  start  frequently,  as  Nos.  2  and  3,  the  use  of  a  very 
large  H.P.  cylinder  is  desirable,  because  a  strong  initial  torque  is 
thereby  secured.  Compound  winding*  (hoisting)  engines  are  not 
very  common,  but  the  use  of  two  stages  in  a  reversing  rolling-mill 
engine  (No.  3)  is  decidedly  unusual.  The  designation  2-crank 
or  3-crank  in  these  cases  means  that  there  are  two  or  three  tandem- 
comp'^und  units. 

The  compound  locomotive,  nmning  always  non-condensing 
and  often  with  a  back-pressure  well  above  atmosphere,  has  a  low 
cylinder-ratio,  in  spite  of  its  high  boiler-pressure.  The  example 
in  Table  75  B  wary  from  2.35  to  2.8,  and  cover  the  range  of  practice 
very  fairly.  The  small  stationary  high-speed  engine,  represented 
by  Figs.  202,  203,  206,  and  208,  has  about  the  same  range:  but  if 
the  engine  is  to  be  run  condensing  at  times  a  slightly  higher  ratio 
is  desirable,  as  in  Test  216.  An  unusually  low  ratio  is  seen  in 
Fig.  612,  and  the  same  condition  is  indicated  by  the  high  values 
of  prn  in  Tests  224  and  225. 

For  the  larger  condensing  engine  we  see  one  line  of  practice  in 
Nos.  4  to  7  of  Table  70  A  and  in  Tests  281  to  285,  with  the  ratio 
from  2.3  to  3.0;  another  line  in  Tests  241-4  and  251-9,  where  the 
ratio  ranges  from  3.3  to  4.5.  The  evident  belief  that  the  individual 
cylinder-ratios  must  be  small  will  account  for  the  much  more 
general  use  of  the  triple-expansion  engine  for  ordinary  power  service 
on  the  Continent  of  Europe  than  in  England  and  especially  in 
America.  With  us  the  idea  has  been  rather  to  get  the  full  amount 
of  expansion  out  of  each  cylinder  and  to  use  fewer  stages. 

This  idea  receives  its  fullest  development  in  the  Rockwood 
type  of  high-ratio  compound,  already  commented  upon  in  §  69  (/), 
and  with  the  performance  set  forth  in  Tests  271-4.  This  scheme 
runs  into  the  triple  engine  field  as  to  proportions,  and  under  com- 
parable conditions  gives  nearly  if  not  quite  as  good  economy. 

*  The  engines  in  the  tables  here  given  are  all  to  be  run  condensing  except 
No  3 


506 


THE  MULTIPLE-EXPANSION  ENGINE.        [Chap.  XI. 


S    9    ^    s 

«       ^       o       t^ 

S  8    I 


00         kC 


o  ■ 


8     ^  ^^S     8     §     S 

^H  »^  rH  1^  rH 

^  lO  O)  i-H  O  CO 

i-lCO»-i  »-l^»-lCO«-iMi-«Wi-*CO 


I 


S    S    ^     S3     S     8    ^ 


I 

o 
p 


o 


5* 


w       csi 

m'       ci 

csi 

CO 

oi 

t*       c^ 

01          CO 

CO 

CO 

CO 

^  CO   ^ 

r^ 

3^,5 

(N 

o 

5 

05 

CO 

UdSiC 

.-1        »o 
^  »o  o  ^ 

«o  S 

CO 

l^ 

•^ 

»o  53 

CO 


CO 
01 


s 


01 


?5 


I  ^ 

li 


EC 


1^ 


V 

01 


m 


•s       rs    .  o        wow 
S  S;c»^  *'"'  *-'^  ^"' 


OS 


Ph    n    ffl 


o^ 

^ 


o 


8' 


8     8  »c 

.^  11  04 


S     £S     S 

CO  CO  'S' 


'^f        o>        o 
o       00       u5 


o>       r^       oi 

»o        ^        01 


M    2i    K    U) 

^     ;S     ;£ 


yo-^. 


a: 


^  ^  ^  y^  c  < 
^^  g^  ?:^ 

fi     -^     ;:^ 


TJ     .  S  S  V  b 


^CQ 


o  o  e> 


S<:uh;^^ 


S  70  (6)] 


CYUNDER  PROPORTIONS  IN  PRACTICE. 


507 


jl      I, 


s   s 


s 


s 


s 


8 


»•»,-:« 


g     S     2 


8  csi  S  S  8  c3 


s 


>  CO 


o 

C 

OS 

< 


PC 

< 


US 


o 


2  2  s?  St 


CO  c^i 


CO 


,^ 


ce  (N  t»  C^  QO  01 


.CO       .CO       .CO 


t>»  CO  0»  O 


oo  •-«  M  e^i 

^  Cfo  00  0) 

«)  01  «)  oi 

s  s 

oi  csi 


S! 


1 1^ 


o  o  o  4;  Q    S 


^ 


•  c 


"^  Q  C^l  Q  t^  «o 
r^  ^  CO  «5  00  CO 


bi)       ti)       e^ 


^     ^     ^ 


QJ  l>-     ©  A  Oi  S 

>    >    >    >    w 


^    9    S 

X       5       35 

^  ""  ;*f  ^  -*  '^ 
SofSSSco 

W    c>  CO    ;5  CO   55 

>     >     ;> 


I 

X 

CO    ^       '^ 


O      I    »-•  Ol  CO  ^  lO 

2     I  »-        r^        ^        ^        S 


2     8 


o 

o 

1 


l?1 


^8-a 


«  £  « 


0^ 


608 


THE  MULTIPLE-EXPANSION  ENGINE.         [Chap.  XI. 


&5 


CO 


00 

o 


u^ 


-  g  2  S  5  S  S  S  £  g  2  2  ^' 

^^  ^H  f-f  r^  — "  ^'' 


*  -9  « 


•^  «-•  l>.  00  O  lO  I 

^St       ^fc         ^1       ^M         ^1       ^M         ^1       k^         ^1       , 


SoqS»c»c        8o6i>ioiSc^iScsiSisi§?»H5^ 


Eh 


i 
i2 


s    s 


l-H  1-1  C^ 


oor^r^oscowDC^Oi 


s 

H 
& 

o 
as 


^1 


o 


t2      g      S      S 

d        03        i->        f-iObooS(N«5oo«5ooi->.oQ«oo 


^ 
i^ 

i 


<5 


o     •.  c     -  o     -  o 


s    ts 


^^  51^  S^  g^^  5^^  :S^  S^  S§^  S^  S^ 


5 

OQ 

p 


CQ 


CQ 


CO   ^   OQ 


OQ 

.    lA  .   ^  .CD 

iQ    bSqo  cJi-h  Woo    rt»r3^.  -t? 

S            h4  1=1  H^             HH             a^ 


«  2  «  8  o  - 

of     -  OQ  ^^  of  U3" 

'&     •?     s 


H    O     C    P 


5^. 


00  ss  ss 


5    s 


.-I         c^ 


Z   o 


I5 


^  fi  ^  E  55  o  jS 
w  g  w  g  W  g  S 

Q       O 


^1  gl 

g  p:   ^  d 


II 


01 


M  01  W  S  CO 


I  70  (6)] 


CYUNDER  PROPORTIONS  IN  PRACTICE. 


509 


ii 


s 


00 


c^ 

g 


8  g  8  S  8  S  8  g  S     ft  {:  S         S  ^  S  2 


8 


^  O 

r>l  t*  00  8 

CO     rH    CO     i-< 


8 

<2 


«>csitf>c^t>^cot^evi«c>cit>^c^a6csid»CNia>csialco 


c^       csi 


U3   CD 

CO  oS 


o>  o  CO  o  o  CO 

CO  «-•'«!«  c^  "^  M  go 
o 


01  r-i 


1-9 


H 

& 

< 

o 
a; 


CO 


2  f^  ^^  -L  «^ 
«>  t-  I-  ^  g 


SS  S 


^  ^  S 

1-H  O    00 


S  _.g 


2! 


S 


s 


g 


CO 

2oo 


R 


s 


o  t-  o 


^  ^    cp    ^    U5  lO 


-^ 


o     *  o  ' — ^ 

lO    ^    CO   CO 


o 


oiHi^HoooQ     -EHi^HcocoooHt^feoiH 

'*C0CS|?!|C3  -ij*  COCOW  CO  N 


^1 


o 


^ 


S8^ 


O     ^ 


CO 

s 

(N   ^    £J 

^  00 


s 


Sr  5s  S^ 

•*5              |_             H-l  l-H             l-H 

r         ^         •-  2     -^ 

S|  ^2  a2  g2  „2 

j^             jr             p  >H             J5 

z;       O      £  M      O 


I— I  o5  "^ 


=  6 
la 

S  eo" 
H    2 

OD     ^ 


8  >5 


s 


^ 


^C^CO'^'OCOl^OOOSQ 

cococococococococo^ 


510  THE  MULTIPLE-EXPANSION  ENGINE.       [Chap.  XL 

(c)  The  Multiple-expansion  Engine. — Glancing  over  Tables 
B  and  C,  with  the  latter  part  of  75  C  and  with  75  D,  we  note  first 
of  all  the  natural  arid  obvious  increase  in  the  cj^'linder-ratios  with 
rising  steam-pressure,  and  also  the  tendency  to  higher  ratios  in 
American  and  English  than  in  German  stationary  practice.  It 
appears  that  the  usual  range  in  modem  designs  is  from  6  to  8.5^ 
with  9  as  an  advanced  proportion.  The  last  example  in  Table  70  B 
is  decidedly  a  special  case.  In  regard  to  both  Nos.  19  and  20, 
with  the  system  of  working  described  in  §  69  (A),  it  is  to  be  remarked 
that,  on  account  of  the  diminution  of  steam-weight  during  expan- 
sion, the  cylinder-ratio  is  relatively  even  higher  than  the  numer- 
ical values  would  indicate. 

In  considering  the  matter  of  the  component  or  successive 
ratios,  we  wish  to  see,  roughly  at  least,  how  the  conclusions  of 
simple  theory  are  modified  by  secondary  actions.  Normally  the 
last  stage  has  relatively  a  much  larger  drop  from  the  pressure 
at  the  end  of  expansion  to  the  exhaust-pressure  than  has  any  of 
the  other  stages:  consequently,  this  cylinder  should  have  a  later 
cut-off,  and  a  smaller  ratio  to  its  upper  neighbor.  This  condition 
shows  up  very  clearly  in  the  pumping  engines,  Nos.  16,  17,  18^ 
where  the  secondary  influences  are  small,  and  is  less  marked  on 
No.  11;  it  appears  also  in  the  quadruples,  Nos.  15,  19,  and  20. 
But  in  the  marine  engines,  on  account  of  the  greater  effects  of 
clearance  and  of  intermediate  losses,  and  because  the  mechanical 
requirement  of  nearly  the  same  cut-off  in  all  the  cylinders  involves 
a  progressive  increase  in  the  proportion  of  exhaust-  or  receiver- 
drop,  the  ratios  become  practically  equal  as  in  Nos.  23,  24,  31, 
34,  38,  and  40;  while  the  peculiar  condition  of  the  reversal  of  the 
normal  manner  of  progression  is  seen  in  Nos.  21,  22,  and  33. 

When  a  stage  in  the  expansion  is  divided  between  two  cylinders 
of  which  each  is  a  work-unit,  then  that  stage  must  have  a  larger 
total  volume.  The  usual  case  is  the  four-cylinder  triple,  and 
here  the  low-pressure  ratio  should  be  the  larger,  as  in  Nos.  12, 
14,  27,  30,  and  32;  when  it  is  equal,  as  in  Nos.  25,  26,  28,  29,  and 
36  (all  recent  designs),  we  see  the  evident  effect  of  influences  v/hich 
were  perhaps  not  fully  taken  into  account  when  the  earlier  engines 
were  laid  out.    A  close  and  extensive  study  of  actual  indicator 
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diagrams  would  be  necessary  to  make  clear  just  what  these  influ- 
ences are,  going  beyond  the  scope  of  the  present  discussion.  Note 
that  No.  13  (see  Fig.  613  III.)  is  essentially  the  same  as  a  four- 
cylinder  triple  in  r^ard  to  work-division. 
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Fio.  613. — Special  Arrangements. 

I.  Triple  Suker  Generator-engine,  Berlin,  1899;  No.  12,  Table  70  B. 
II.  Quadruple  Allis  Engine,  Chicago  Exposition,  1893;  No.  15. 

III.  Two-crank  Triple,  Fraser  &  Chalmers,  1894;  No.  13. 

IV.  Collman  Balanced  Engme,  Vienna,  1894;  22.1,  35.4X27.1. 

V.  Torpedo  Boat  Daring,  Thomeycroft,  1894;  19,  27,  27-27X16. 


An  inspection  of  the  sketches  in  Figs.  613  and  614  will  show  that 
the  special  arrangements  in  engines  33,  34,  and  37  call  for  equal- 
work  stages,  while  in  Nos.  13  and  39  the  first  two  stages  should 
be  smaller,  since  they  are  combined  on  one  crank. 

(d)  Various  Cylinder-arrangements. — The  obvious  arrange- 
ment for  an  engine  having  more  than  two  cylinders,  especially  if 
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Fio.  614. — Marine  Engines. 

I.  Pacific  S.S.  Minnesota,  1902;  No.  40,  Table  70  C;  29,  61,  89X54. 

II.  British  Cruiser  Powerful,  1896;  45,  70,  76-76X48. 

III.  U.  S.  Battleship  Virginia,  1904;  35,  57,  66-66X48. 

IV.  British  B.  S.  Triumph,  2d  class,  1903;  29, 47, 54-54X39;  see  Fig.  244. 
V.  Ferryboat,  1904,  No.  10;  duplex  22.5,  50X30. 

VI.  Italian  B.  S.  Silicia,  1895,  No.  9;  duplex  47, 89X51. 
VII.  Steamers  Campania,  Lucania,  1892,  No.  33. 
VIII.  Steamers  St.  PaiU,  St.  Louis,  1893,  No.  24. 
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each  contains  a  stage  of  the  expansion,  is  to  put  them  in  a  row  in 
sequence,  as  in  Figs.  229,  230,  234,  and  259.  For  the  sake  of 
compactness,  however,  and  to  diminish  the  amount  of  mechanism 
required,  the  tandem  is  often  combined  with  the  side-by-side 
arrangement,  as  in  Figs.  613  I.,  II.,  and  III.  (and  in  Fig.  606); 
I.  and  III.  are  typical  schemes  for  a  triple  engine,  the  first  being 
the  more  s3mDLmetrical.  Fig.  613  II.  represents  a  tendency  which 
reached  its  height  at  about  the  time  that  engine  was  built;  a  little 
experience  showed  that  there  was  no  economic  justification  for 
quadruple  expansion  in  stationary  service.  The  last  two  diagrams 
in  Fig.  613  show  a  scheme  for  making  the  engine  self-balanced,  by 
crowding  close  together  the  axes  of  two  cylinders  which  work  on 
cranks  that  are  opposite  (or  effectively  so). 

Of  the  marine-engine  arrangements  in  Fig.  614  I.  shows  an 
exception  to  sequence  order  in  a  three-crank  engine,  while  II.  is 
an  example  of  plain  sequence  in  a  four-crank  triple.  Largely 
from  considerations  of  balancing,  the  latter  very  common  type  of 
engine  is  now  nearly  always  built  in  the  form  shown  at  III.  and 
IV.,  with  two  closely-spaced  groups  and  with  the  low-pressure 
cylinders  outside. 

One  of  the  last  large  compound  engines  built  for  a  sea-going 
ship  is  represented  at  VL,  vnth  a  recent  example  of  the  same  type 
for  ferryboat  service  at  V.;  the  former  has  the  Joy  valve-gear, 
which  accounts  for  the  unusual  position  of  the  valves.  For  paddle- 
wheels  the  plain  quarter-crank  compound  is  very  common,  with  the 
cylinders  at  the  bottom  and  the  shaft  at  the  top  of  an  incline. 
When  compound  engines  were  standard  practice  for  screw-engines 
they  were  often  made  with  three  cylinders  and  cranks,  the  H.P. 
between  the  two  L.P's. 

The  last  four  sketches  in  Fig.  614  show  rather  special  arrange- 
ments developed  for  large  passenger  steamers.  Numbers  VII., 
VIII.,  and  IX.  all  embody  the  idea  of  dividing  the  last  stage  in 
order  to  avoid  the  use  of  excessively  large  cylinders,  and  then 

Fig.  614 — Title  continued, 

IX.  Steamer  Deutschland,  1900,  No.  37. 
X.  Steamer  Kaiser  Wilhelm  II„  1902,  No,  39. 
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dividing  the  first  stage  also,  that  the  work-units  may  be  equal. 
No.  X.  is  like  Fig.  613  III.  in  calling  for  smaller  work-values  of 
the  first  stages  if  the  cranks  are  to  receive  equal  powers. 

All  the  diagrams  in  Fig.  614  are  drawn  to  the  same  scale,  and 
all  but  VII.  and  VIII.  show  the  true  spacing  of  cylinders  and 
valves,  thus  giving  an  idea  of  the  relative  space  needed  by  the 
various  engines. 


CHAPTER  XII. 
THE  STEAM-TURBINE. 

§  71.  General  Form  and  Action  of  the  Turbine. 

(a)  Steam-action  in  the  Engine  and  in  the  Turbine. — In 
the  ordinary  pressure-engine,  the  elastic  force  of  steam  is  directly 
applied  to  the  doing  of  useful  work,  through  its  action  upon  a 
moving  surface  in  constrained  expansion.  When  the  confining 
reaction  of  the  working  element  (the  piston)  thus  balances  the 
internal  stress  in  the  steam,  we  have  what  may  properly  be  called 
a  static-pressure  cycle. 

In  the  turbine,  there  is  first  the  operation  of  transforming 
pressure-energy  into  kinetic  energy  of  the  jet,  through  free  expan- 
sion— that  is,  expansion  in  which  the  internal  pressure  acts  to 
accelerate  the  steam,  instead  of  being  held  in  equilibrium  by  a 
confining  force.  Then,  the  jet  having  been  formed,  its  kinetic 
eneigy  is  applied  to  the  work  of  driving  the  rotor,  by  means  of 
dynamic  pressure  upon  moving  vanes.*  The  first  part  of  the 
process  is  predominantly  thermodynamic,  the  second  chiefly 
mechanical;  and  the  whole  constitutes  a  dynamic-force  cycle. 

The  conditions  which  give  maximum  thermodynamic  efiiciency, 
for  both  types  of  machine,  are  set  forth  in  §§  14  to  16  and  in  §  24. 
The  ideally  perfect  Camot  cycle  having  been  modified  by  the 
omission  of  adiabatic  compression  up  to  the  higher  temperature, 
the  resulting  Rankine  cycle  (called  Cycle  B  in  §  16)  is  then  the 
limit  of  effective  performance,  either  in  work  upon  the  piston  or 
in  acceleration  of  the  steam. 

*  In  the  reaction  turbine  these  two  operations  are,  in  part,  simultaneous; 
but  that  fact  does  not  weaken  the  logic  of  putting  them  in  sequence  as  parts 
of  the  energy-transformation  process. 
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With  the  losses  of  effect  in  the  engine  the  reader  is  familiar — 
these  losses  being  due  to  free  expansion  and  to  secondary  thermal 
interchanges  within  the  cylinder.  The  first  cause  covers  all  work 
wasted  in  moving  the  steam,  or  thrown  away  when  steam  is  released 
above  the  exhaust-pressure;  the  second  is  what  produces  cylinder- 
condensation,  which  is,  of  course,  the  line  along  which  actual 
departs  most  widely  from  ideal  performance. 

The  simplest  theory  of  the  turbine  is  based  upon  the  ideal 
requirements  that  the  operation  of  jet-formation  shall  be  truly 
adiabatic  and  f rictionless  and  that  in  the  process  of  eneigy-absorp- 
tion  no  work  shall  be  lost  in  friction  or  in  eddy-currents.  Thus 
at  first  to  ignore  secondary  actions  leads  most  easily  to  the  develop- 
ment and  understanding  of  the  fundamental  general  principles; 
and  thereafter  it  is  comparatively  easy  to  introduce  modifications 
which  shall  represent  the  influences  that  must  be  determined  by 
special  experiment. 

In  the  actual  turbine,  harmful  secondary  actions  of  a  purely 
thermal  nature  are  relatively  insignificant;  but  against  this  great 
gain  over  the  engine  must  be  placed  the  large  losses  by  fluid  friction 
and  in  wasted  movements  of  the  steam-current.  The  effect  of 
these  is  to  change  potentially  effective  mechanical  energy  back  to 
heat  at  lower  temperature,  in  which  state  most  if  not  all  of  it  must 
be  rejected  in  the  exhaust.  On  the  whole,  it  is  safe  to  say  that 
the  total  steam-cycle  losses  in  turbine  and  in  engine  are  very  much 
in  the  same  class  as  to  magnitude,  with  perhaps  some  advantage 
for  the  turbine  in  the  possibility  of  producing  and  maintaining 
high  efficiency  with  less  resort  to  special  expedients. 

Numerical  data  in  regard  to  this  matter  will  be  found  in  Chapter 
XIII. 

(h)  Classification  of  Steam-turbines. — ^This  is  to  be  based 
chiefly  upon  differences  in  the  manner  of  generating  and  utilizing 
fiteam-velocity,  these  differences  being  really  more  essential  than 
are  the  resulting  variations  in  form  and  construction. 

Operation  in  Stages, — A  matter  of  prime  importance  is  the 
speed  of  the  rotor  of  the  turbine,  both  peripheral  and  rotary.  To 
utilize  effectively  and  safely  the  very  high  velocity  with  which 
steam  issues  from  the  nozzle  is  always  a  major  problem.    One  way 
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of  meeting  this  difficulty  is  to  diminish  the  steam-velocity^  by 
diyicjing  the  expansion  or  pressure-drop  into  a  number  of  steps  or 
stages,  quite  closely  analogous  to  those  in  a  multiple-expansion 
engine,  but  likely  to  be  much  more  numerous.  The  other  scheme 
is  to  divide  the  energy-absorption  process  into  several  stages,  by 
causing  the  fully  formed  jet  to  impinge  upon  two  or  more  sets  of 
moving  vanes  in  succession.  The  terms  "pressure-stage"  and 
"velocity-stage"  are  rather  awkward  for  continual  use:  to  get 
shorter  words  we  shall  let  "stage"  stand  for  pressure-stage,  and 
speak  of  one  or  more  "impulses"  instead  of  velocity-stages.  The 
latter  usage  is  further  reconmiended  by  the  fact  that  only  in  what 
are  called  impulse  turbines  can  the  energy  from  a  given  nozzle  (or 
group  of  nozzles)  be  absorbed  in  portions.* 

Impulse  and  Reaction  Turbines, — Another  important  distinc- 
tion depends  upon  the  question  whether  velocity-generation  takes 
place  wholly  within  the  fixed  nozzles,  or  whether  it  is  also  com- 
bined with  the  function  of  absorption  in  the  mo\dng  element.  The 
impulse  turbine,  just  mentioned,  has  these  two  functions  kept 
separate:  then  between  any  two  successive  distributors  or  sets 
of  nozzles  the  steam  is  under  uniform  pressure,  and  the  current 
has  practically  the  same  relative  linear  velocity  at  entering  and  at 
leaving  any  set  of  moving  vanes.  In  the  reaction  turbine,  on 
the  other  hand,  pressure-drop  and  acceleration  take  place  in  the 
moving  element  as  well  as  in  the  fixed  element,  so  that  the  steam 
leaves  the  vanes  with  a  higher  relative  velocity  than  it  had  at 
entrance.  The  terms  "impulse"  and  "reaction"  will  be  more 
closely  defined  in  §  72,  with  some  discussion  as  to  how  near  they 
come  to  being  truly  descriptive  when  thus  applied  to  steam 
turbines. 

In  the  matter  of  general  steam-action,  then,  we  have  the  major 
classes  of  impulse  and  reaction  turbines;  and  in  the  first  class  we 
must  further  distinguish  between  the  cases  of  one  or  of  more  than 
one  impulse  or  velocity-stage  within  each  pressure-stage. 

General  Form  and  Arrangement. — ^The  primary  purpose  of  the 
following  examples  (Figs.  616  to  631)  is  to  give  a  clear  idea  of 

♦  It  will  be  noted  that  the  terminology  "compound"  and  ''complex", 
tentatively  put  forth  in  §  29  (0,  is  here  definitely  abandoned. 
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the  essential  form  of  the  elements  that  have  to  do  with  steam-action 
It  is  most  usual  to  make  the  steam  flow  axially,  or  to  have  its 
direction  of  flow  lie  mainly  parallel  to  the  axis  of  the  rotor — the 
only  example  of  a  radial-flow  turbine  here  given  being  found  in 
Fig.  627.  With  axial  flow,  the  working  elements  (nozzles  or 
guides,  vanes  or  buckets)  lie  within  an  annular  ''solid  of  revolu- 
tion" (in  the  geometrical  sense) :  and  views  like  Figs.  616,  618,  619, 
623,  and  628  are  "developed"  or  flattened  cylindrical  sections 
through  these  working-elements. 

A  marked  distinction  as  to  form  lies  between  the  wheel  or 
cellular  construction  of  the  multiple-stage  impulse  turbine,  Figs. 
620,  621,  etc.,  and  the  drum  arrangement  of  the  reaction  turbine. 
Fig.  629.  And  besides  a  progressive  change  in  the  diameter  of 
the  rotor,  most  marked  in  Figs.  629  and  630,  the  whole  turbine  is 
sometimes  divided  into  two  sections — high-pressure  and  low-pres- 
sure— in  separate  casings  or  "cylinders",  as  in  Figs.  620.  There 
these  divisions  (of  the  rotor)  are  on  the  same  shaft;  but  in  marine 
practice  the  H.P.  and  L.P.  turbines  are  often  set  to  driving  separate 
propellers. 

The  machines  described  in  this  section  are  selected  and  grouped 
with  regard  to  the  essential  characteristics  ol  their  steam-action, 


Fig.  616. — Element  of  Single-stage  One-impulse  Turbine,  De  Laval  Type. 

and  not.  according  to  their  conmiercial  or  even  to  their  purely 
engineering  importance;  and  no  attention  is  paid  to  chronological 
order  in  development. 

(c)  The  Single-stage  One-impulse  Turbine. — ^The  only  tur- 
bine of  this  type  that  has  been  commercially  exploited  is  the 
De  Laval,  of  which  a  brief  partial  description  was  given  in  §  29  (fc). 
The  essential  form  of  the  working-element  is  shown  by  Fig.  616, 
while  Fig.  617  is  the  section  of  a  compfete  turbine.  Small  wheels 
are  used   which  have  to  be  run  at  tremendous  rotary  speeds  in 
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order  to  get  the  peripheral  velocity  necessary  to  reasonably  good 
efficiency — practice  ranging  from  a  4-inch  diameter  at  30,000 
R.P.M.  for  5  horse-power  to  30  ins.  at  11,000  R.P.M.  for  300 
horse-power,  these  diameters  being  measured  to  mid-length  of  the 
vanes.  Then  gearing  is. used  to  reduce  the  speed  to  something 
practically  applicable  at  the  power-shaft,  G  on  Fig.  617.    Other 


Fig.  617. — Section  of  30  Horse-power  De  Laval  Turbine,  with  wheel  about 
8"  in  diameter  at  20,000  R.P.M.,  vane-velocity  about  700  ft.  per  sec. 

single-stage  turbines  have  been  built  for  only  moderately  high 
rotary  speed,  with  much  laiger  wheels,  one  example  being  described 
in  {h)y  under  Fig.  625:  but  the  designers  of  these  have  all  gone 
on  to  the  multiplication  or  combination  of  pressure-stages  and 
velocity-stages. 

The  turbine-wheel  A,  Fig.  617,  is  a  solid  steel  disk  of  special 
form,  designed  so  as  best  to  resist  centrifugal  force.  Since  it  is 
impossible  to  make  a  wheel  with  absolutely  perfect  balance,  or 
with  the  center  of  mass  exactly  on  the  geometric  axis,  the  wheel  is 
mounted  on  a  light  flexible  shaft  D.  This  shaft  can  easily  deflect 
enough  to  let  the  center  of  mass  come  to  the  axis  of  rotation, 
whereupon  the  wheel  will  spin  without  vibration.    Of  course,  the 
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mechanical  balance  is  made  as  correct  as  is  practically  possible^  and 
the  flexible  shaft  is  expected  to  care  for  only  a  small  residual 
eccentricity. 

The  steam-chamber  which  supplies  the  nozzles  is  shown  at  B, 
the  exhaust-chamber  at  C.  The  smallest  turbines  have  only  one 
nozzle;  but  as  diameter  and  power  increase  more  nozzles  are 
used,  the  30-in.  wheel  having  perhaps  twelve.  These  are  usually 
spaced  equally  about  the  circumference,  chamber  B  being  given  an 
annular  form;  but  in  the  latest  practice  the  nozzles  are  sometimes 
arranged  in  close  groups,  to  diminish  eddy-current  losses.  A 
throttling  governor  controls  the  admission  of  steam  to  the  turbine; 
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Fig.  618. — Developed  Section  of  Multiple-stage  Impulse  Turbine  with  par- 
tial peripheral  admission:  based  on  high-pressure  end  of  Rateau  design. 
Fig.  620,  but  with  rate  of  expansion  somewhat  exaggerated. 


but  when  there  are  a  number  of  nozzles,  all  but  one  or  two  are 
provided  with  valves,  having  external  handles;  then  the  power 
of  the  turbine  can  be  adjusted  by  hand  to  suit  the  load,  only  a 
small  range  of  control  being  ordinarily  left  to  the  governor.  For  a 
light  load,  it  is  far  more  economical  to  have  a  few  nozzles  working 
with  high  pressure  than  to  have  all  open  and  the  steam  greatly 
throttled  by  the  governor. 
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Sometimes  a  De  Laval  turbine  which  is  to  run  either  condensing 
or  non-condensing  will  have  two  sets  of  nozzles,  arranged  alter- 
nately, either  set  to  be  turned  on  for  the  condition  to  which  it  ia 
fitted.  To  develop  the  same  power,  a  non-condensing  nozzle  must 
have  a  larger  throat  and  less  expansion  or  flare  than  one  for  vacuum- 
exhaust. 

(d)  Multiple-stage  One-impulse  Turbines. — ^Representative^ 
forms  of  the  working-elements  of  turbines  of  this  class  are  diagrammed 
in  Figs.  618  and  619;  while  a  typical  longitudinal  section  is  given 
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Fig.  619. — Developed  Sectional  View  of  Multiple-stage  Impulse  Turbine 
with  full  peripheral  admission:  outline  of  the  low-pressure  division  of  & 
Zoelly  turbine. 

in  Fig.  620.  With  any  considerable  number  of  stages,  the  pres- 
sure-drop in  each  is  so  small  that  there  is  no  need  for  the  diverging 
nozzle;  then  the  distributor  takes  the  form  here  indicated,  with 
rectangular  openings  divided  by  curved  guide-plates  into  what  are, 
in  effect,  groups  of  converging  nozzles.  The  first  two  figures 
illustrate  an  important  distinction,  by  showing  the  two  methods 
available  for  increasing  the  sectional  area  of  the  passage  for  steam 
as  the  expansion  progresses.  In  Fig.  618,  partial  peripheral  ad- 
mission is  used,  and,  with  a  constant  radial  depth  of  the  vanes  and 
guides,  increase  of  area  is  secured  by  making  the  successive  groups 
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wider  in  the  circumferential  direction.  The  other  method  is  to 
use  the  whole  circumference  for  the  passage  of  steam,  and  to 
increase  the  radial  depth  as  necessary. 

A  fact  made  evident  by  these  drawings  is  that  in  the  so-called 
axial-flow  turbines  the  steam-current  really  follows  a  slightly  helical 
path.  The  method  of  plotting  this  path  and  of  determining  the 
angular  advance  of  the  successive  distributors  will  be  found  in  §  72 
(A). 

Another  distinction  to  be  made  between  Figs.  618  and  619  is 
based  on  a  difference  in  the  manner  of  passing  the  steam  from  one 
element  to  the  next.  In  the  first  case,  the  steam  from  any  wheel 
is  discharged  into  a  sort  of  receiver-space,  in  front  of  the  next 
distributor;  and  the  current  is  thus  given  a  good  chance  to  induce 
eddies  in  the  (comparatively  speaking)  stationary  mass  of  idle 
steam  that  fills  all  the  space  about  the  wheel.  But  with  close  and 
direct  discharge  into  the  next  distributor,  as  in  Fig.  619  it  appears 


Fio.  620. — Section  of  a  24-8tage  Rateau  Turbine,  in  three  steps  and  two 
cylinders:  500  H.P.  at  2400  R.P.M.:  mean  diameter  of  vane-rings, 
20"  to  33":  vane-velocity,  from  220  to  345  ft.  per  sec. 


that  this  possibility  is  reduced  to  a  minimum,  so  that  there  is 
reason  to  expect  the  fullest  attainable  utilization  of  the  residual 
velocity  from  one  stage  in  helping  to  produce  effective  initial 
velocity  in  the  next  stage. 

It  may  be  well  to  remark  that  Fig.  618  does  not  show  true 
structural  form,  but  that  Fig.  619  is  a  correct  drawing,  so  far  as  it 
goes  into  detail.  The  necessity  of  sufficient  strength  of  metal  to 
carry  the  diaphragm  (subjected  to  different  pressures  on  its  two 
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sides)  accounts  for  the  stout  cross-struts  between  the  groups  of 
nozzles  in  Fig.  619. 

(e)  The  Rateau  Turbine  may  well  be  taken  as  typical  of  the 
many-stage  single-impulse  class.  The  two-cylinder  turbine  partly 
shown  by  Fig.  620  has  rather  a  high  number  of  stages:  a  later 
design  illustrated  by  Stodola,  for  500  H.P.  at  3000  R.P.M.,  has  13 
stages  in  one  cylinder,  with  wheels  approximately  18"  to  30"  in 
diameter,  and  velocity  ranging  from  250  to  400  ft.  per  second. 

In  Fig.  620  steam  enters  from  the  automatic  throttle-valve  at 
A  and  passes  to  the  first  nozzles  at  C:  these  form  one  group,  sub- 
tending only  a  small  angle;  and  the  constant  vane-length  shows 
that  partial  peripheral  admission  is  used  all  through  the  first  two 
groups  of  wheels,  or  the  first  two  diameter-steps,  to  E.  At  B  is 
a  hand-controlled  bypass  valve,  which  can  be  opened  when  the 
turbine  must  carry  a  heavy  overload.    Between  the  cylinder-heads 


Fig.  620— Con/tni*ed. 

E  and  F  is  space  for  a  double  bearing  and  the  governor,  steam 
passing  from  E  to  F  through  a  pipe  below  the  floor-level.  In  the 
last  step  of  ten  stages  the  nozzles  cover  the  whole  circumference 
(after  the  first  few  stages,  at  least),  increase  in  area  of  passage  being 
secured  by  making  the  radial  depth  greater.  From  H  there  is  a 
short  and  direct  connection  to  the  condenser. 

As  to  the  construction  of  this  turbine,  it  will  be  noted  that  each 
wheel  is  a  disk  of  steel  plate,  riveted  to  a  light  hub  and  flanged  at 
the  outer  edge  so  as  to  form  a  narrow  cylindrical  rim  upon  which 
the  vanes  are  riveted:  in  the  larger  diameters,  an  extra  disk  of 
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plate  is  usually  added,  for  the  sake  of  great  stiffness.  Holes 
through  the  wheels  insure  equalization  of  pressure  on  the  twa 
sides.  The  partition  walls,  in  form  fixed  wheels  held  by  the  casing, 
are  shown  in  detail  only  at  the  beginning  of  each  step:  these  walls 
are  made  up  of  light  cast  frames  or  spiders,  covered  with  disks 
of  plate.  Leakage  from  one  cell  to  the  next  could  take  place 
only  at  the  shaft,  where  it  is  prevented  by  the  close  fit  of  the 
bronze  bushings — labyrinth  packing  (see  §  74  (/))  being  also 
used  between  the  higher  stages  in  the  later  designs. 

In  this,  as  in  most  horizontal  turbines  with  many  stages,  the 
casing  is  divided  along  a  horizontal  plane  through  the  axis,  and 
the  top  half  can  be  lifted  off,  carrying  with  it  the  upper  half  of  each 
diaphragm.  It  is  evident  that  careful  fitting  will  be  needed  ta 
insure  tightness  where  the  two  parts  of  these  diaphragms  meet. 

In  none  of  the  drawings  in  this  section  is  much  attention  paid 
to  non-essential  mechanical  details,  such  as  bearings,  stuffing- 
boxes,  valves,  etc.  A  few  good  examples  of  these  parts  will  be 
found  in  §  74. 

(/)  The  Multiple-impulse  Turbine. — ^The  idea  of  abstracting 
velocity  from  a  jet  of  steam  by  making  it  impinge  upon  several 
sets  of  vanes  in  succession  offers  a  very  attractive  means  of  reducing 
the  velocity  at  which  the  vanes  themselves  must  move — in  simple 
theory,  more  effective  than  an  equal  multiplicity  of  pressure-stages, 
as  is  brought  out  in  §  72  (/) :  but  it  is  also  made  clear  there  that  if 
the  velocity-stages  be  too  numerous,  secondary  losses  due  to  friction 
and  eddies  will  become  excessive.  In  practice,  four  impulses  from 
one  initial  velocity  is  the  highest  number  that  has  been  used  in  a 
successful  turbine;  and  as  the  result  of  fuller  experience  there  is 
evident  a  strong  tendency  to  cut  this  down  to  two. 

The  three  examples  which  follow  not  only  illustrate  the  appli- 
cation of  this  particular  principle,  but  are  also  of  general  interest 
as  representing  three  contrasting  types  in  the  form  and  arrange- 
ment of  the  turbine-element.  The  Curtis  turbine  has  curved  radial 
vanes,  with  side  admission,  as  in  the  examples  already  given  and 
in  the  reaction  turbine  also;  the  Riedler-Stumpf  shows  the  Pelton- 
wheel  type  of  bucket,  with  tangential  admission;  while  the  Elektra 
is  a  case  of  radial  flow,  with  vanes  parallel  to  the  axis  and  repeated 
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impulse  upon  the  same  set  of  vanes.     Detailed  discussion  of  the 
Action  of  the  vanes  and  buckets  will  be  found  in  §  72  (c)  to  (/). 

(g)  The  Curtis  Turbine  is  the  most  prominent  member  of 
the  multiple-impulse  class.    In  the  smaller  sizes,  below  500  Kw. 


Fig.  621. — Section  of  a  2000  Kw.  Curtis  Turbine,  with  four  two-impulse 
stages;   100"  wheels  at  750  R.P.M.,  vane-speed  about  325  ft.  per  sec. 

capacity,  this  machine  is  made  with  the  axis  horizontal;  but  the 
larger  units,  running  up  to  8000  Kw.,  are  always  vertical,  with 
the  generator,  of  course,  at  the  top.  A  good  typical  recent  design 
is  shown  in  section  by  Fig.  621,  which  gives  a  very  fair  idea  of 
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the  larger  detail  in  the  construction  and  arrangement  of  the  nozzles 
and  vanes.  The  wheels  are  heavy  steel  castings,  to  which  the 
blade-rings,  made  in  d  number  of  segments,  are  riveted  fast.  The 
cast-iron  diaphragms  are  undivided,  so  that  wheels  and  diaphragms 
must  be  assembled  at  the  same  time.  For  access  to  the  turbine, 
a  part  of  the  cylindrical  casting,  which  is  made  in  four  or  six  seg- 
ments, can  be  removed. 

The  whole  weight  of  the  revolving  piece,  turbine-rotor  plus 
generator-field,  is  carried  by  the  large  step-bearing  at  E,  which 
has  its  working  faces  on  the  hard  cast-iron  b  locks  F  and  G.  Through 
the  hole  at  the  axis  of  the  big  set-screw  H,  which  serves  to  adjust 
the  height  of  G,  oil  or  water  is  pumped  at  high  pressure  to  the 
recess  between  the  blocks;  and  as  it  escapes  outward  it  fonns 
a  thin  film,  separating  the  metal  surfaces  and  producing  perfect 
lubrication;  in  fact,  the  revolving  mass  is  floated  on  the  film  of 
liquid.  When  oil  is  used,  the  casing  around  the  bearing  must  be 
closed  at  the  top,  with  suitable  packing-rings  to  keep  the  oil  from 
getting  into  the  exhaust-steam:  here  the  bearing  is  designed  for 
water-lubrication,  and  the  water  is  simply  allowed  to  escape  into 
the  exhaust-base,  the  shells  of  the  side  bearing  being  loose  enough 
to  afford  a  free  passage  and  prevent  a  backing-up  of  pressure. 
To  the  spindle  H  is  keyed  a  worm-wheel,  so  that  the  height  of  the 
bearing  can  easily  be  adjusted  from  the  side  of  the  machine. 

The  admission  of  steam  is  controlled  by  a  row  of  small  valves 
at  A,  each  supplying  one  or  two  nozzles:  more  or  fewer  of  these 
valves  are  opened,  through  the  action  of  the  governor,  as  the 
demand  for  power  varies;  and  the  turbine  is  regulated  not  by 
simple  throttling,  but  by  something  more  analogous  to  the  varia- 
tion of  cut-off  in  an  engine.  Details  of  the  valves  will  be  found 
in  §  74,  at  Fig.  678. 

Quite  often  there  are  two  groups  of  admission-nozzles,  at  the 
ends  of  a  diameter:  but  here  there  is  only  one  group,  and  the 
circular  dimensions  of  the  successive  distributors  are  about  as 
indicated  by  the  diagram-sketch  in  Fig.  622.  The  isolated  group 
in  the  second  ring,  marked  Nb,  is  served  by  the  automatic  b3^ass 
valve  at  C  in  Fig.  621,  shown  in  detail  at  Fig.  680.  It  is  evident 
that  the  disk  of  this  valve  feels  the  pressure  in  chamber  1  on  its 
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top  face,  that  in  chamber  2  on  the  bottom;  and  when  the  difference 
between  these  exceeds  a  certain  amount  the  valve  will  open. 
Since,  however,  this  is  below  the  main  admission,  it  will  affect 
only  the  distribution  of  work  and  not  the  total  power;  but  it  does 
come  into  service  when  the  load  is  heavy  and  more  nozzles  are 
open  in  ring  N^  than  can  properly  be  taken  care  of  by  the  normal 
part  of  Nj. 

Tt  will  be  noted  that  the  partial  sectional  view  at  the  left  of 
Fig.  621  is  not  a  continuation  of  the  main  section,  but  is  made 
by  a  plane  about  at  right  angles  to  that  of  the  latter  view. 
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Fig.  622. — Diagram  of  the  Nozzle- 
admissions  in  the  Curtis  Turbine. 


Fio.  623.— Three-impulse  Element 
of  a  Curtis  Turbine. 


To  give  an  idea  of  the  shape  of  the  vanes,  the  section  of  a  three- 
impulse  element  is  given  at  Fig.  623,  reproduced  from  Fig.  73. 
Smaller  Curtis  turbines  are  made  with  only  one  or  two  stages,  with 
three  or  four  impulses  in  each.  Some  of  the  earlier  very  laige 
machines  had  two  four-impulse  stages.  Now,  however,  the  type 
of  design  in  Fig.  621  is  becoming  the  standard  for  all  big  units. 

(h)  The  Tangential-admission  Wheel,  similar  to  the  Pelton 
water-wheel,  has  been  used  by  several  inventors  of  steam-turbines, 
and  most  extensively  developed  in  the  Riedler-Stump  design,  of 
which  a  number  of  different  working-elements  are  sketched  in 
Fig.  624.  At  I.  we  see  how  the  flat  semicircular  buckets  are  milled 
in  the  rim  of  the  steel  wheel,  each  at  an  angle  of  15°  or  16°  with  a 
tangent  to  the  circumference  at  its  mouth.    Wheels  are  made  with 
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•either  single  or  double  bucket-rows,  as  shown  at  II.,  which  also  gives 
the  arrangement  of  the  nozzles — these  nozzles  being  circular  in 
the  throat,  but  changing  to  a  rectangular  cross-section  at  the 
outlet. 

Various  devices  for  securing  two  impulses  in  a  stage  are  shown 
M  III.,  IV.,  and  V.    In  each  case  the  curved  guide  G  receives  the 


Fig.  624. — Working-elements  of  the  Riedler-Stumpf  Turbine. 

Bteam  as  it  escapes  from  the  buckets  after  the  first  reversal  of 
velocity,  and  turns  the  current  back  for  a  second  entrance,  either 
into  the  same  buckets,  as  in  III.  or  IV.,  or  into  another  larger  set, 
as  in  V.  With  return  to  the  same  buckets,  the  guide  must  have 
the  peculiar  helical  shape  shown  by  the  side  view  at  III.,  because 
the  absolute  steam-velocities  at  entrance  and  at  exit  will  make 
different  angles  with  the  wheel-rim — see  Fig.  640:   but  at  V.  the 
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second-stage  buckets  are  given  more  slant,  so  that  the  guides  can 
be  flat.  These  guides  are  built  up  of  pieces  of  plate,  stamped  out 
and  riveted  together,  the  heavy  outer  walls  which  give  stiffness 
to  the  whole  and  which  are  fastened  to  the  carrying  brackets  being 
usually  made  up  of  several  layers  of  thick  plate:  this  laminated 
construction  is  the  more  necessary  when  they  must  be  bent  to  a 
special  form  as  at  III.  or  IV. 


Fig.  625.— Vertical  Four-stage  Two-impulse  Riedler-Stumpf  Turbine. 


The  Riedler-Stumpf  turbine  is  made  in  a  number  of  different 
forms,  ranging  from  a  small  one-stage  horizontal  machine  to  the 
lai^e  vertical  design  in  Fig.  625,  which  is  very  much  like  the  Curtis 
in  Fig.  621  as  to  its  general  arrangement.  Interesting  particulars 
of  a  single-stage  turbine  built  as  one  of  the  earlier  experimental 
machines  have  been  published:  the  wheel  was  78.8"  in  diameter 
and  ran  at  3000  R.P.M.,  so  that  the  peripheral  velocity  was  about 
1030  ft.  per  sec;  there  were  between  80  and  90  nozzles,  distributed 
all  around  the  wheel;  and  the  machine  developed  2000  H.P.,  with 
very  fair  steam-economy.     By  multiplying  stages  and  using  the 
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two-impulse  arrangement  the  rim-speed  can  be  greatly  reduced, 
and  at  the  same  time  the  efficiency  of  the  apparatus  increased. 
The  principle  of  partial  peripheral  admission  can  very  easily  be 
applied  by  varying  the  number  of  nozzles  in  any  stage:  to  govern 
the  turbine,  steam  is  admitted  to  more  or  fewer  nozzles  in  the 
first  stage. 

An  interesting  feature  of  Fig.  625  is  the  centrifugal  condenser- 
pump  at  the  base,  the  jet-condenser  being  formed  right  in  this 
base.  Of  course  this  device  cannot  maintain  the  high  vacuum 
that  is  attainable  with  a  surface  condenser  and  good  reciprocating 
pumps;  but  it  is  exceedingly  simple,  and  has  been  credited  with  an 
absolute  pressiu^  of  0.1  atmosphere,  equivalent  to  27  inches  of 
vacuum. 

Another  type  of  tangential-wheel  turbine  b  represented  by 

the  skeleton-diagram  in  Fig.  626, 
which  closely  resembles  the  Pel- 
ton  wheel  in  having  the  double- 
cup  buckets  formed  in  small  sep- 
arate castings,  which  are  fastened 
to  the  rim  of  the  wheel-disk.  The 

^'''*  ^^t'he^&TSrSin?^^''^   ""^  «^^^*«^  indicates  how  the  cross- 

section  for  steam  flow  can  be 
increased  by  using  two  or  three  wheels  side  by  side  in  the  lower 
stages. 

(i)  A  Radial-flow  TimfiiNE  with  multiple  impulse  is  shown 
in  Fig.  627,  where  there  is  the  further  characteristics  (to  be  em- 
phasized in  the  present  connection)  that  one  vane-ring  serves  for 
the  whole  operation  in  the  stage.  The  partial  longitudinal  sec- 
tion at  B  shows  how  the  vanes  project  from  the  side  of  the  wheel 
into  an  annular  groove  in  the  face  of  the  diaphragm.  On  the  high- 
pressure  side,  marked  H,  there  are  two  nozzles,  diametrically 
opposite;  on  the  low-pressure  side  there  are  four.  The  manner  of 
securing  the  three  impulses  is  sufficiently  obvious;  and  the  weak 
point  of  the  general  scheme  is  suggested  by  the  question  whether 
the  steam-current  will  docilely  follow  the  very  intricate  path  laid 
out  for  it.  In  the  earliest  patent  of  this  arrangement  (Wilson, 
British,  1848— see  Neilson's  The  Steam  Turbine,  1903,  page  26), 
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the  steam-current  is  shown  as  acting  upon  the  single  ring  of  vanes 
twelve  times^  between  inlet-nozzle  and  exhaust.  It  need  hardly 
be  remarked  that  experience  would. have  entirely  failed  to  justify 
this  very  complicated  arrangement. 

(f)  The  Pabsons  Turbine. — ^The  name  Parsons  is  as  closely 
associated  with  the  multiplenstage  reaction  turbine  as  is  the  name 


Fio.  627. — ^The  Elektra  Turbine,  radial-flow,  two-stage,  four-impulse:  much 
structural  detail  omitted. 


Corliss  with  a  type  of  engine — an  association  which  will  likewise 
probably  persist  long  after  patent-rights  have  expired.  Partly 
because  of  the  early  pre-emption  of  the  field  and  quite  a  long 
period  of  evolution  to  the  arrangement  in  Fig.  629,  partly  because 
choice  as  to  the  form  of  the  working-element  is  practically  limited 
to  the  straight  vane  with  side  admission,  there  is  really  only  this 
one  reaction  turbine  in  effective  existence,  as  compared  with  a 
number  of  impulse  types. 

The  name  *' reaction"  comes  from  the  fact  that  the  major  part 
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of  the  driving-force  upon  the  rotor  is  due  to  the  reaction  of  a 
current  of  steam  which  receives  linear  acceleration  within  the  vanes, 

while  only  a  small  compo- 
nent is  due  to  the  velocity 
with  which  jets  from  the 
fixed  vanes  impinge  upon 
the  moving  vanes — a  fuller 
explanation  of  this  action 
being  given  in  §  72  (/).  To 
fit  this  process  the  vanes 

FTGr628.-Element  of  the  Parsons  Turbine.  ^^^'^  ^^^  ^^^^P^  «^^^'^    ^" 

Fig.  628,  where  the  steam 

flows  from  left  to  right,  and  the  vanes  have  a  much  larger 
angle  (from  the  line  of  movement)  at  entrance  than  at  exit; 
and  the  channels  between  them  narrow  toward  exit,  thus  serv- 
ing as  contracting  nozzles.  Further,  since  there  are  different 
pressures  on  the  two  sides  of  a  ring  of  vanes  on  the  rotor, 
so  that  steam  will  flow  through  the  whole  ring,  the  fixed  rings 
must  likewise  be  complete,  without  any  blank  portions;  in  other 
words,  partial  peripheral  admission  is  not  practicable  in  a  reaction 
tiu-bine.  It  is  for  this  reason  that  there  is  so  much  greater  differ- 
ence in  size  between  the  highest  and  lowest  stages  in  Fig.  629  than 
in,  for  instance.  Fig.  621 — diameter  of  rotor  as  well  as  dimensions 
of  the  vanes  entering  into  this  question  of  size.  The  progressive 
increase  in  rotor-diameter  is  one  of  the  prominent  characteristics 
of  this  type  of  turbine. 

In  Fig.  629  the  main  admission-valve  (automatic-throttling) 
is  at  Vj,  and  the  steam  normally  begins  its  work  at  A^;  but  if  the 
load  rises  above  what  can  be  carried  with  full  pressure  at  A^,  the 
governor  opens  the  bypass  valve  Vj,  thereby  admitting  steam  to 
the  second  step  of  the  rotor,  R,.  This  cuts  the  first,  small-diameter 
step  more  or  less  completely  out  of  action,  the  blades  simply  churn- 
ing a  mass  of  steam  which  has  little  progressive  motion;  but  the 
larger  area  of  cross-section  available  at  A^  lets  in  so  much  more 
steam  that  increased  power  is  developed  on  the  two  larger  steps 
alone,  though  with  lower  thermodynamic  efficiency  of  the  whole 
turbine. 
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Fia.  629. — Section  of  a  Typical  Westinghouse-Parsons  Turbine,  with  59 
stages  in  three  steps. 
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An  essential  feature  of  this  machine  is  the  system  of  balance- 
pistons,  Pj,  P2,  P3,  which  neutralize  the  end-thrust  that  would  be 
caused  by  the  steam-pressure  on  the  blank  annular  surfaces  at  the 
diameter-steps,  as  well  as  on  the  moving  blade-rings.  Piston  P^ 
has  the  diameter  to  the  mid-length  of  the  vanes  on  step  Rj,  P,  the 
mean  diameter  of  R,,  etc.;  half  the  vane-length  being  balanced 
because  half  the  pressure-drop  within  the  steam-belt  occurs  in  the 
fixed  vanes,  half  in  the  moving  vanes.  The  special  conduits  D^, 
^29  ^2f  which  put  the  same  pressures  on  the  balance-pistons  as 
on  the  rotor-steps,  are  self-explanatory.  Leakage  past  the  pistons 
is  reduced  to  a  minimum  by  the  use  of  collar-and-groove  or  laby- 
rinth packing.  The  construction  of  the  stufl5ng-box  is  partly 
shown  at  the  right  end  of  Fig.  629,  but  an  enlarged  detail  will  bo 
found  in  Fig.  664. 

It  will  be  noted  that  on  the  smaller  steps  R|  and  B,  there  are 
big  groups  of  stages  with  vanes  of  the  same  size  and  length.    Within 


Fig.  630.— The  Sulzer  Turbine. 

these  groups  progressive  increase  in  area  for  steam-flow  can  be 
secured,  if  desired,  by  using  fewer  blades,  with  wider  channels 
between  them,  as  the  pressure  drops.  A  description  of  the  manner 
of  holding  the  vanes  or  blades  is  given  in  §  74  (h). 
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Since  there  is  a  drop  of  pressure  through  each  set  of  vanes, 
it  is  evident  that  there  will  be  tendency  for  the  steam  to  leak 
past  their  ends;  consequently  a  close  fit,  or  a  very  small  end- 
clearance,  is  necessary.  This  requirement  is  practically  one  of 
the  most  severe  that  have  to  be  met  on  the  side  of  construction,  for 
not  only  must  there  be  careful  original  work,  but  there  is  also 
the  danger  that  rotor  or  casing  will  be  distorted  by  unequal  heat- 
ing or  other  cause  so  as  to  make  the  ends  scrape,  or  even  to  break 
the  blades.  To  compensate  for  this  disadvantage  in  comparison 
with  the  impulse  turbine,  which  has  so  very  much  smaller  possible 
openings  for  leakage,  appears  the  advantage  that  the  reaction 
turbine  does  not  have  a  great  deal  of  wheel-surface  exposed  to  the 
frictional  drag  of  surrounding  steam. 

(k)  Turbines  op  Mixed  Type. — ^The  latest  development  in 
turbine  design  is  the  combination  of  high-pressiu'e  stages  working 
by  impulse  with  low-pressure  stages  of  the  reaction  type.  Two 
good  examples  are  given  in  Figs.  630  and  631,  the  first  having  two 
impulse  stages  just  like  those  of  the  Curtis  turbine,  the  second 
having  tangential  buckets  as  in  Fig.  624,  while  the  low-pressure 
stages  in  both  are  of  the  Parsons  type.  The  Sulzer  turbine  is  so 
arranged  and  proportioned  that  it  is  self-balanced  as  to  endwise 
steam-pressure,  thus  obviating  the  troublesome  balance-piston: 
in  the  Union  design  the  upward  steam-thrust  acts  against  the 
weight  of  the  rotor  and  serves  the  very  useful  purpose  of  relieving 
the  step-bearing  of  pressure — in  fact,  provision  is  made  at  one 
bearing  for  holding  down  the  rotor  if  necessary. 

(I)  Reversible  Turbines. — ^The  feature  which  most  distin- 
guishes marine  turbines  from  those  for  stationary  service  is  the 
provision  that  must  be  made  for  running  them  backward.  Vanes 
properly  formed  for  forward  motion  cannot  be  used  for  reversed 
driving.  The  most  obvious  scheme  is  to  combine  with  the  main 
turbine  a  smaller  turbine  for  backward  running.  This  is  not 
necessarily  of  less  power,  but  is  made  compact  and  with  but  a  few 
stages,  hence  of  comparatively  low  efficiency.  It  can  be  added 
to  the  low-pressure  end  of  the  main  rotor,  where  the  frictional 
resistance  to  the  normally  idle  (useless)  movement  of  these  extra 
parts  will  be  very  small. 
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The  division  of  the  turbine  system  into  high-pressure  and  low- 
pressure  sections,  driving  separate  propeller-shafts,  has  already 
been  remarked  upon. 

(m)  Theory  of  Turbine-action. — We  shall  now  take  up  the 
theory  of  the  turbine,  following  the  lines  suggested  in  (a).    In 


Fig.  631.— 'J'he  Union  Turbine. 


the  next  section  the  discussion  is  purely  mechanical,  and  the  simplest 
ideal  conditions  are  imagined  to  exist.  Then  in  §  73,  after  the 
mechanical  principles  have  been  established,  the  thermodynamic 
questions  involved  in  energy-transformation  and  in  the  secondary 
wasteful  actions  will  be  considered.  The  limits  of  space  available 
will  permit  only  a  very  general  treatment  of  this  latter  field,  which 
is  both  very  extensive  and  of  great  practical  importance;   here 
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again  we  shall  work  for  principles  and  methods,  rather  than  for 
actual  results.  For  one  thing,  not  enough  experiments  have  been 
made  (and  published)  for  the  basis  of  a  close-fitting  theory;  for 
another,  a  full  presentation  of  even  the  work  that  has  been  done 
along  this  line  would  cover  a  great  deal  of  space. 


§  72.  Mechanics  of  the  Ideal  Steam-action. 

(a)  Impulse  of  the  Jet. — The  first  problem  is  to  find  the  force 
which  a  jet  of  fluid  exerts  when  it  impinges  upon  a  restraining 
surface,  or  the  reaction  which  it  exerts  when  leaving  a  confining 
vessel  or  channel.  This  force  is  called  the  impulse  of  the  jet,  and 
may  be  defined  as  the  constant  free  force  which,  if  it  were  to  act 
upon  the  substance  of  the  jet,  would  continually  produce  (or  destroy) 
the  steam-velocity  V, 


Fig.  632. — Generation  of  Kinetic  Energy. 

Really,  of  course,  the  steam  is  accelerated  by  an  unbalanced 
internal  pressure  (not  of  constant  intensity),  as  indicated  in  Fig. 
632  I.;  but  the  conditions  of  the  process  are  such  that  quantitative 
relations  must  be  calculated  in  terms  of  energy,  rather  than  directly 
between  force  and  mass.  Fig.  632  II.  shows  that  the  element  of 
work  is  vdp,  and  that  the  total  kinetic  energy  due  to  pressure- 
drop  from  Pi  to  P2  is  equivalent  to  the  integral  of  vdp  between  the 
limits  pi  aiid  P2 — compare  Fig.  45.  Primarily,  however,  this 
energy  can  be  determined  much  more  easily  as  a  thermal  than  as 
a  mechanical  quantity,  and  that  is  the  method  used  in  §§  25  and 
26  and  in  §  73. 

Since  we  are  at  present  concerned  with  mechanics  rather  than 
thermodynamics — ^with  the  jet  as  delivered  and  applied  rather 
than  with  the  detail  of  its  formation — we  may  substitute  for  the 
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real  process  of  velocity-generation  the  simpler  process  of  equivalent 
effect  outlined  by  the  definition  of  impulse  given  above.  The 
value  of  the  impulse  can  be  most  easily  derived  through  the  quan- 
tity known  as  momentum.  Starting  with  the  fundamental  rela- 
tioU;  Force = Mass  X  Acceleration,  or 

F=-MA,       (401) 

and  multiplying  both  sides  of  the  equation  by  t,  we  have 


Ft=^MAt^MV. 


(402) 


That  is,  when  a  free  force  F  acts  upon  a  mass  M  through  the  time  t, 
and  generates  the  velocity  V  from  an  initial  state  of  rest,  the  prod- 
uct of  force  by  time  equals  the  product  of  mass  by  velocity,  which 
latter  is  called  momentum.  This  is  very  elementary  mechanics, 
but  is  of  such  vital  importance  in  the  present  connection  that  it 
is  worth  repeating  with  emphasis. 


Fio.  633. — ^Impulse  and  Reaction  of  a  Jet. 

Now  consider  Fig.  633  I.,  where  the  fully  formed  jet,  passing  the 
cross-plane  AB,  has  the  velocity  V,  the  sectional  area  a,  and  the 
specific  weight  w  (pounds  per  cubic  foot).  In  a  time  t  the  total 
weight  Wt=waVt  will  issue,  having  been  raised  from  zero  velocity 
to  V  by  the  action  of  the  force  F  through  this  same  time;  here 
W=waV  is  the  weight  dischaiged  per  second,  or  the  rate  of  flow. 
Putting  these  quantities  into  (402)  we  get 


p^^waVty^mV^^ 
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or 

^=,-11=^1. (403) 

9  9 

In  words,  the  force  F  is  proportional  to  the  density  of  the  fluid 
and  to  the  square  of  its  velocity;  or  for  a  given  rate  of  flow  (in 
weight  per  unit  of  time)  the  impulse  is  directly  as  the  velocity. 

Another  way  of  arriving  at  the  same  conclusion  is  to  go  back 
to  the  elementary  principle  that  when  a  body,  initially  at  rest,  has 
attained  the  velocity  V  under  acceleration  by  a  constant  force  F, 
the  distance  travelled  during  the  operation  is  the  mean  velocity 
1/2  V  by  the  time  t  Then  the  force  F,  in  acting  through  the 
distance  1/2  Vt,  does  the  work  that  is  stored  as  kinetic  energy. 
Considering  what  happens  to  the  jet  in  one  second,  we  have  the 
energy  equation 

^X2-=-^' (^4> 

which  reduces  at  once  to  the  expression  in  (403). 

Something  like  this  latter  action  is  pictured  in  Fig.  633  II., 
where  the  jet  impinges  upon  a  flat  plate  MN,  and  its  energy  of 
forward  movement  is  continually  being  absorbed  or  transformed. 
The  mass  to  be  discharged  in  one  second  is  shown  as  included  be- 
tween the  planes  CD  and  EH,  which  are  separated  by  the  distance 
V  feet.  At  the  begirming  of  the  particular  second  under  considera- 
tion, the  plane  EH  just  touches  MN;  and  the  center  of  mass  G 
being  then  at  the  distance  1/2  V,  this  is  the  average  distance 
through  which  the  resistance  F  will  act  upon  the  mass  W/0  in 
bringing  it  to  rest. 

At  I.,  in  Fig.  633,  the  force  F  is  represented  as  the  impulse  upon 
the  jet;  against  the  confining  vessel  is  exerted  an  equal  and  oppo- 
site reaction.  Similarly,  at  II.  the  force  shown  is  the  reaction  of 
the  plane  MN  upon  the  jet,  while  the  latter  at  the  same  time  exerts 
the  positive  impulse  F,  toward  the  right,  upon  MN. 

(6)  Deflection  of  a  Jet. — In  Fig.  634  a  flowing  jet  or  stream 
is  depicted  as  entering  at  A  and  leaving  at  B  a  frictionless  channel 
of  uniform  curvature  and  cross-section.    The  velocity  remains 
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constant  in  intensity,  and  the  action  involved  in  its  continual  de- 
flection is  that  of  simple  centripetal  acceleration,  against  which 
reacts  the  centrifugal  force  of  the  stream. 


Fia.  634.— Deflection  of  a  Jet. 

The  essential  dimensions  and  symbols  are  as  follows: 

a = area  of  cross-section  of  channel,  equals  bXc,  the  stream 

having  the  width  b  and  the  depth  c; 
i?= radius  of  center-line  of  stream; 
a = angle  between  any  pair  of  radii; 
Z= length  measured  along  curved  center-line; 
v= specific  volume  of  fluid  in  jet; 
t/;= weight  per  cubic  imit=Z/t>; 
y= velocity  of  flow; 
i4  =  acceleration; 

TF= weight  of  fluid  discharged  per  second; 
F= impulse  of  jet. 

Consider  an  element  of  the  stream  which  is  included  between 
two  radial  planes  at  the  angular  distance  da  from  each  other: 

waRda 


Length = Rda ;    volume = aRda ;    mass  =  - 
The  centrifugal  force  of  this  element  is  mV^R,  or 


9 


=  77?. 


^      waRdaV^    tm"P, 


R 


(406) 
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This  equation  sets  forth  the  very  important  result  that  the  total 
force  required  to  deflect  the  jet  through  an  angle  a  is  equal  to  the 
impulse  of  the  jet  multiplied  by  the  angle  of  deflection,  the  latter 
being  expressed  in  absolute  angular  measure,  or  with  the  radian 
as  unit.  This  force,  got  by  integrating  Eq.  (405)  from  zero  to  a, 
as  indicated  at  II.  in  Fig.  634,  is  uniformly  distributed  along  the 
curved  path  from  A  to  B. 

Another  fact  of  interest  is,  that  for  a  given  set  of  jet-conditions 
(mcluding  the  area  a)  the  total  deflecting  force  required,  or  the 
reaction  of  the  jet  upon  the  curved  surface,  is  independent  of  the 
radius  of  curvature.  Referring  to  the  first  expression  for  /c  in 
Eq.  (405),  we  see  that  to  make  R  longer  increases  the  mass  in- 
volved, by  making  the  channel  longer  for  a  given  angle,  but  at  the 
same  time  decreases  the  centripetal  acceleration  V^/R,  so  as  to 
keep  the  product  the  same.  The  centrifugal  pressure  per  unit  of 
area  changes,  however,  because  the  restraining  area  varies  with  the 
mass  involved.  Thus  in  Fig.  634 1,  the  outer  surface  of  the  element 
can  be  taken  as  cRda — disr^arding  the  fact  that  the  outer  radius 
is  really  {R+ib):  then  dividing  this  into  /c  from  (405),  we  get 

whcRdaV^    wbV^  ,^^^, 

^^^I^RZ^R^JR (^6) 

as  the  extra  pressure  due  to  centrifugal  force. 

If,  however,  the  width  h  also  varies  with  R  in  constant  ratio, 
as  when  two  channels  of  different  absolute  size  are  geometrically 
similar  in  shape,  then  p  will  remain  constant,  but  the  total  cen- 
trifugal force  Fc^^Ifo  will  increase  with  iJ. 

Example  1. — Let  a  steam-jet  at  75  lbs.  absolute  pressure,  with  the 
velocity  1663  ft.  per  sec.  and  the  specific  volume  5.50  cu.  ft.  (see  Table 
24  A,  150  lbs.  to  75  lbs.),  flow  in  a  channel  1/2"  \\nde  by  1"  deep,  with 
the  mean  radius  2".  What  is  the  impulse  of  the  jet  and  what  the  cen- 
trifugal pressure  on  the  guiding  surface,  disregarding  effects  of  friction? 

Here  a«0.5  sq.  in.,  =  .00347  sq.  ft. 

aV 
The  rate  of  flow  is  TF= —  =  1.050  lbs.  per  sec. 
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The  impulse  is  F-^^^~  54.3  lbs. 

In  applying  Eq.  (406)  to  find  centrifugal  pressure,  we  must  be  careful 
not  to  get  feet  and  inches  mixed.  With  b,  c,  and  R  in  inches,  the  centrif- 
ugal force,  as  given  in  (405)  becomes 

w  he  Rda  12y»    wbcRda  V^ 
'''"^14412      R         li^R*     •    •    •    •    l«^^ 

while  the  area  involved,  when  we  want  to  get  pounds  per  square  inch,  is 
cRda  directly:  then  (406)  takes  the  form 

^-mw ;     ••<««'> 

For  this  problem,  noting  that  t^— 1/5.50,  we  have 

0.5X1663X1663       o7ikik- 
P^ "5.50X144X32.16X2 "^^'^^  *^- 

Using  the  larger  actual  outer  surface  of  the  channel,  with  the  radius 
2  1/4^'  instead  of  2",  this  pressure  changes  to 

2 
27.15 Xs-75H>< 24.13  lbs.  per  sq.  in. 

An  obvious  conclusion  from  this  example  is,  that  there  may  be  a  very 
considerable  crowding  of  the  stream  against  the  guiding  surface,  with 
corresponding  variation  in  the  pressure  within  its  cross-section. 

(c)  Driving  Force  on  the  Vane. — Knowing  the  centrifugal 
force  exerted  by  the  jet  upon  a  curved  vane-surface,  the  next  step 
is  to  find  the  resultant,  in  a  certain  direction,  of  this  radial  force 
distributed  along  the  vane.  The  problem  is  illustrated  in  Fig.  635, 
where  the  tangential  force  Ft  is  the  resultant  sought,  acting  in  the 
direction  of  motion  of  the  vane  or  bucket.  Resolving  any  ele- 
mentary force  /c,  we  get  the  driving  component  /T=/cCOsa,  and 
the  axial  component  /A=/csina,  the  latter  being  parallel  to  the 
axis  in  the  usual  type  of  axial-flow  turbines.  To  get  Ft  we  make 
two  int^rationsj  one  on  each  side  of  this  resultant  line.    From 
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/r= 


tmV 


9 


co&ada;      ••••••        •    (407) 


then,  for  the  resultant  force, 


Ft^fIJ    cos ada -\-J  cos ada) 


«=F(sinai+sina^, 


(408) 


F  being  the  impulse  of  the  jet,  as  appears  from  (403). 

For  the  resultant  axial  force  Fa,  a  similar  deduction  gives 


Fa=  F(cos  a^—  cos  a^ ; 


(409) 


obviously,  it  is  highly  desirable  that  this  force  be  made  zero,  other- 
wise there  would  be  a  dynamic  end-thrust  on  the  rotor. 


Fio.  635. — Resolution  of  Centiifu-        Fio.  636.— Combining  the  Impulses, 
gal  Force. 

The  form  of  Eq.  (408)  suggests  at  once  the  simple  method  set 
forth  in  Fig.  636.  Considering  the  jet  as  exerting  a  positive  im- 
pulse Fi  at  entrance  and  a  negative  impulse  or  reaction  F,  at  exit, 
we  have  only  to  combine  these  forces,  or  their  rectangular  com- 
ponents, to  get  Ft  and  Fa.  Since  impulse  is  proportional  to 
velocity,  this  gives  a  very  easy  and  convenient  method  for  the 
solution  of  problems  in  force-action  on  the  vanes  of  a  turbine. 
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The  velocity-diagrams  given  in  the  following  figures  are  laid 
out  by  the  method  already  used  in  Figs.  72  and  74.  To  get  the 
relative  velocity  of  entrance  V^j  we  must  combine  with  the  abso- 
lute jet^velocity  V  the  reversed  tiu-bine-velocity  T — this  being  the 
velocity  of  the  nozzle  with  reference  to  the  vane;  to  get  absolute 
discharge-velocity  Vo,  T  direct  must  be  combined  with  the  relative 
exit- velocity  7,. 

(d)  Types  of  Vane-action. — The  turbine-elements  outlined 
at  I.  in  Figs.  637  and  638  are  presented  with  the  purpose  of  de- 
veloping a  clear  idea  of  the  meaning  of  the  terms  impulse  and  re- 
action as  used  technically  in  the  present  connection.  In  the  first 
case  the  vanes  are  so  formed  that  the  steam  leaves  them  in  a  direc- 
tion perpendicular  to  the  line  of  motion:  then  only  the  impulse  at 
entrance  is  effective  to  produce  driving-force  Ft,  and  the  energy- 
abstraction  is  very  imperfect,  as  appears  from  the  large  residual 
velocity  V^.  Another  way  of  expressing  this  last  condition  is  to 
say  that  the  resultant  F  and  the  working-force  Ft  are  compara- 
tively small  because  F^  and  F,  have  such  a  large  angle  between 
them.  Very  evidently  this  type  of  element  can  be  completed  only 
by  making  the  vanes  symmetrical  with  respect  to  the  center-line 
AB,  thereby  getting  the  well-known  form  shown  in  Figs.  616,  623, 
etc.  In  other  words,  what  is  called  an  impulse  turbine  really  is 
driven  equally  by  impulse  and  by  reaction. 

But  while  the  scheme  outlined  in  Fig.  637  is  not  effective,  that 
of  Fig.  638  is  entirely  so.  Receiving  the  steam  normally  (to  the 
line  of  motion)  with  the  velocity  Fj,  the  reaction-element  acceler- 
ates it  to  Fj  and  discharges  it  at  a  wide  angle  from  the  normal. 
This  leads  to  the  force-diagram  III.,  where  we  see  that  the  resultant 
F  or  Ft  is  large  and  is  right  along  the  line  of  movement.  It  ap- 
pears then  that  while  the  ''impulse"  turbine  must  use  reaction, 
the  "reaction"'  turbine  can  get  along  without  impulse.  The  real 
distinction  lies  in  the  fact,  stated  in  §  71  (6),  that  in  one  case  velocity 
is  generated  wholly  in  the  nozzles,  in  the  other  case  in  both  fixed 
and  moving  vanes.  The  characteristic  vane-profiles  shown  in  Figs. 
639  and  641  result  from  this  underlying  difference.  With  a  full 
understanding  of  what  lies  back  of  the  terms,  there  can  be  no  objec- 
tion to  the  ordinary  nomenclature:   and  a  further  distinction  can 
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be  drawn  in  that  the  effective  exit-reaction  in  an  impulse  turbine 
is  due  wholly  to  deflection  of  the  jet,  w^hile  that  in  the  reaction 


FiQ.  637. — Driving  by  Impulse 
Only. 


Fia.  638. — Driving  by  Reaction 
Only. 


turbine  is  due  to  both  deflection  and  linear  acceleration.  Com- 
paring Ft  with  F'  on  Fig.  638  I.,  we  see  the  gain  due  to  acceleration 
within  the  wheel,  over  an  impulse-vane  with  the  same  entrance- 
velocity. 


FiQ.  639.— The  Vane,  with  Side  Ad- 
mission. 


Fig.  640.— The  Bucket,  with  Tan- 
gential Admission. 


After  the  discussion  just  given,  the  actual  profiles  and  their 
diagrams  of  velocity  and  force,  as  set  forth  in  Figs.  639  and  640, 
ought  to  be  self-explanatory.  In  Fig.  640,  for  the  wheel  with  tan- 
gential admission  as  in  Fig.  624,  the  plane  of  the  diagrams  at  II. 
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and  III.  is  that  of  the  lower  view  at  I.,  or  it  is  the  plane,  perpen- 
dicular to  the  axis,  in  which  the  wheel  rotates.  Then  the  velocity- 
diagram  doubles  back  on  itself,  because  the  projection  of  F,  is  sim- 
ply 7i  reversed.  It  is  necessary,  of  course,  that  V^  approach  the 
radial  direction,  since  the  steam  must  escape  from  the  wheel  in 
that  direction.  The  forces  Fj,  F^,  and  F  should  really  lie  on  the 
same  line  in  their  diagram,  but  are  here  separated  for  clearness  of 
representation.  Whereas  with  side  admission  the  resultant  F  is 
itself  the  driving-force,  the  same  thing  as  Ft,  with  tangential  ad- 
mission there  is  a  non-effective  component  F^  acting  to  cause 
pressure  in  the  bearings,  but  which  can  easily  be  balanced  by  ad- 
mitting steam  to  diametrically  opposite  parts  of  the  wheel. 


Fig.  641. — Diagrams  for  the  Reaction  Turbine. 

The  reaction  vanes  in  Fig.  641  differ  from  the  limiting  form  in 
Fig.  638  in  that  they  provide  for  a  small  effective  impulse  at  en- 
trance. Since  it  is  always  desirable  that  the  peripheral  velocity  be 
no  greater  than  is  absolutely  necessary,*  this  T  is  usually  made  quite 
a  little  less  than  the  projection  of  V,  giving  V^  the  slant  shoMH. 
Then  the  vane-profiles  are  made  to  fit  the  velocity-diagram,  as  in 
any  case. 

(e)  Work  on  the  Vanes. — ^The  effective  dynamic  driving-force 
F  (called  Ft  in  the  preceding  discussion)  acts  upon  vanes  which 
have  the  velocity  T;  then  the  power,  or  rate  of  work-performance, 
is 

F=Frft.  lbs.persec (410) 

We  shall  now  apply  to  several  typical  cases  the  principle  represented 
by  this  equation,  still  adhering  to  the  primary  assumption  that 
there  are  no  losses  by  friction  or  by  other  secondary  actions.    In 
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the  figures  immediately  following,  the  velocity  diagrams  (from 
which  the  impulsive  forces  may  be  directly  determined)  are  changed 
to  a  rather  more  compact  form  than  that  used  heretofore. 


Fig.  642. — Velocity  Diagram  for  the  Impulfle  Elexnent. 

In  Fig.  642,  for  instance,  all  the  steam-velocities  are  laid  out 
from  the  point  A  as  an  origin:  AB  is  the  initial  absolute  velocity  V, 
AC  the  relative  entrance-velocity  V^;  the  exit-velocity  AD  or  F, 
is  Vi  reversed  symmetrically;  and  AE  is  the  final  absolute  velocity, 
or  Vq.  For  a  discussion  of  work-performance  we  are  concerned, 
however,  not  with  any  total  velocity  V  so  much  as  with  its  com- 
ponent U  in  the  direction  of  motion,  or  along  T;  the  effective  im- 
pulses at  entrance  and  exit  being  proportional  to  the  velocities  U^ 
and  Ui,  according  to  Eq.  (403).    With  the  relation 


V^=^IP+A\ 


(411) 


and  with  the  axial  component  A  remaining  constant  throughout 
the  successive  transformations  which  take  place,  we  see  that  changes 
in  the  kinetic  energy  of  the  steam-current  are  represented  and 
measured  by  changes  in  the  value  of  IP. 

Now  for  the  impulse  turbine,  as  represented  by  Fig.  642,  and 
with  the  several  velocities  as  there  designated,  the  fundamental 
expressions  are 

U^^U-T    and     I/,=  C/x,      ....     (412) 

the  latter  equation  embodying  the  condition  of  symmetrical  re- 
versal, and  being  subject  to  modification  in  the  actual  case.  The 
effective  impulses  are  now 

W  W 

F,=—U^    and    F^=—U^ 
9     ^  ^     g    ^ 
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and  the  work-rate  is 

W  W 

P=.^T(U,  +  U^^2—{UT^T^.     .    .    .    (413) 

Examining  this  for  the  maximum  value  of  P,  in  the  usual  man- 
ner, we  get 

dP      W 

^=2^(C7-2D, (414) 

which  becomes  zero  when  r=  1/217,  thus  proving  the  oft-stated 
principle  that  the  velocity  of  the  vanes  should  be  one-half  the 
effective  velocity  of  the  steam-jet  for  maximum  efficiency.  The 
greatest  work-rate  is  now 


W    1  1  W 

^      g     4:         2  g      ' 


.    (415) 


or,  as  it  should  be,  the  full  kinetic  eneigy  av^lable  in  the  weight  W 
of  steam  that  passes  in  one  second. 


D  T       E      r      C 

Fig.  643. — Velocity  Diagram  for  the  Reaction  Element. 

From  the  similar  representation  of  the  velocities  in  a  reaction- 
turbine  element.  Fig.  643,  we  get  the  relations 

U,^U-T,  U,^U, (416) 

the  second  implying  similarity  between  fixed  and  moving  vanes. 
Then 


^1+^2=^(217- r), 


and 


W 
'9 


(2J7r-r») (417) 


This  is  greatest  when  U^T,  'm  which  case  the  effective  driving 
force  is  wholly  due  to  reaction,  since  C/jWillbe  zero  or  the  steam 
will  enter  the  vanes  at  right  angles  to  T.    The  maximum  value 
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of  P  is  DOW 


^1      ^u  , 


(418) 


but  this  U^  represents  only  half  of  the  eneigy  of  one  complete 
stage,  since  U  is  generated  twice,  first  in  the  fixed  vanes,  again  in 
the  moving  vanes.  The  total  kinetic  eneigy  generated  and  ab- 
sorbed is  properly  expressed  by 


1  W 


(419) 


this  (2J7')  being  equivalent  to  the  U^  in  Eq.  (415). 

(/)  The  Reaction  Principle. — ^The  fact  has  just  been  brought 
out  that  a  reaction  turbine  transforms  a  certain  amoimt  of  pressure* 
volume  eneigy  (one  stage)  in  two  parts,  twice  developing  a  steam- 
velocity  0.707  times  as  great  as  an  impulse  turbine  would  get  in  a 
single  operation:  and  a  good  way  to  look  at  the  performance  of  the 
reaction  turbine  is  to  consider  that  the  function  of  the  fixed  ele- 
ment is  simply  to  deliver  steam  to  the  vanes  at  their  own  velocity; 
whereupon  the  acceleration  of  this  steam  backward,  by  and  within 
the  moving  vanes,  produces  the  effective  driving  force. 

This  idea  is  best  illustrated  by  the  reaction  wheel,  which  it  is 
appropriate  to  consider  briefly  at  this  point,  and  of  which  the 
essential  form  is  shown  in  Fig.  644.  Steam  is  ad- 
mitted to  the  interior  of  the  rotor  at  the  axis,  flows 
out  along  the  hollow  arms,  and  is  discharged 
through  suitable  nozzles  at  B,  B.  The  reaction  of 
the  jet  is  the  driving  force,  and  maximum  efficiency 
is  secured  when  the  velocity  of  the  nozzles  just 
equals  that  of  the  jet,  so  that  the  absolute  velocity 
of  discharge  is  zero.  Here  again,  as  in  the  turbine, 
half  of  the  eneigy  due  to  the  pressure-drop  is  used 
in  getting  the  steam-mass  up  to  the  velocity  which 
it  has  at  the  end  of  the  hollow  arm,  just  within  the 
nozzle  (on  account  of  the  rotation  of  the  wheel);  Fio.  644.— Outline 
And  the  other  half  accelerates  the  steam  back-  ^y^f  Reaction 
ward. 

This  device  has  been  applied  by  a  number  of  inventors,  but  two 
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reasons  lie  against  its  effective  use:  the  chief  is  the  high  velocity 
due  to  single-stage  expansion;  the  other,  the  practical  difficulty  ci 
avoiding  leakage  (or  else  excessive  friction  in  the  joints  where  the 
steam  enters  the  rotor — the  stuffing-box  problem  being  greatly 
aggravated  by  the  fact  that  the  steam  has  full  pressure  at  this 
point. 

It  is  of  interest  to  note  that  for  a  stage  of  the  same  energy-value 
the  reaction  turbine  must  move  faster  than  the  impulse  type.  If 
the  energy  available  will  generate  the  effective  velocity  I7i,  this 
will  be  the  velocity  realized  in  the  impulse  nozzles,  and  the  best 
vane-speed  will  be  Tj— l/2C7i.  But  with  the  reaction  arrange- 
ment, the  steam^velocity  will  be  17r= 0.707  C/j,  and  Tr  must  then 
have  this  same  value,  or  must  be  1.414  times  as  great  as  Ti.  Actu- 
ally, of  course,  the  reaction  turbine  is  usually  made  with  the  larger 
number  of  smaller  stages. 

(g)  Variation  in  the  Runninchspeed. — It  will  be  noted  that 
neither  Fig.  642  nor  643  is  drawn  for  the  case  of  ideal  maximum 
efficiency,  but  rather  for  the  conditions  likely  to  be  found  in  prac- 
tice, where  the  vane-speed  T  is  made  as  low  as  is  consistent  with 
reasonably  good  working.  To  see  the  effect  of  thus  lowering  T 
from  the  ideal  value,  we  discuss  Eqs.  (413)  and  (417)  as  follows: 

For  the  impulse  turbine     For  the  reaction  turbine 


W 
P^2—{U-T)T) 

g 


W 
P=—{2U-T)T. 


In  both  cases,  let  T^nV,  and  put  the  expression  into  the  form^ 
kinetic  energy  X  a  function  of  n;  this  gives 

P=(^yC/^)(l-n)4n;    P=  (^[/')(2-n)n.    .     (420) 

For  the  first  case,  let  m^=4.ny{l  —  n^,  and  evaluate  for  T  varying  by 
twentieths  from  zero  to  1/2 17;  for  the  second,  let  ^^3= 713(2— n,), 
and  go  by  tenths  from  zero  to  U.    The  common  results  are 


ni  =  0|  0.05 
n2  =  0    0.1 
ji,j-wi2=0|  0.19 


0.1 

0.15 

0.2 

0.25 

0.3 

0.35 

0.4 

0,2 

0.3 

0.4 

0.5 

0.6 

0.7 

0.8 

0.36 

0.51 

0.64 

0.75 

0.84 

0.91 

0.96 

0.45  I  0.5 
0.9  1.0 
0.99     1.0 
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It  is  evident  that  the  velocity  T  can  be  lowered  to  70  or  75  per 
cent,  of  the  ideal  value  without  serious  loss  of  effect.  Further,  we 
can  see  that  these  values  of  m  might  equally  well  have  been  gotten 
from  Fig.  642  or  643  directly,  by  noting  how  the  effective  com- 
ponent ?7q  of  the  residual  velocity  V^  will  vary  with  n  or  T. 

An  important  assumption  imderlying  the  above  table  b  that 
the  vanes  be  changed  in  form,  with  the  running-speed,  so  as  to  get 
full  effect  from  the  conditions  existing  in  any  case:  and  this  leads 
us  to  the  next  matter  to  be  taken  up. 

(A)  Vane  Form  and  the  Effect  of  Speed-chai^ge. — ^The 
proper  function  of  a  set  of  curved  vanes  or  guides  in  a  turbine  is, 
to  receive  a  current  of  steam  without  shock,  to  change  its  direction 
without  the  formation  of  eddies,  and  to  discharge  it  in  a  desired 
direction.  We  will  now  consider  some  of  the  simpler  questions 
involved  in  the  performance  of  this  function. 


Fig.  645. — Vanes  to  Fit  Various  Speeds. 


The  first  and  most  elementary  problem,  that  of  accommodating 
the  shape  of  the  vane  to  a  proposed  velocity  diagram,  is  illustrated 
by  Fig.  645.  In  Case  I.  the  conditions  are  those  for  maximum 
efficiency  in  an  impulse  turbme,  the  vane-velocity  T  being  half  of 
the  effective  entrance-velocity  U:  the  concave  profiles  are  arcs  of 
circles,  made  tangent  to  the  lines  of  direction  of  the  relative  veloci- 
ties 7i  and  V^)  the  convex  profile  is  made  up  of  a  smaller  arc  and 
two  tangents.  If  the  channel  between  two  vanes  is  to  have  an 
approximately  constant  width,  the  vane  must,  of  course,  be  thick- 
ened toward  the  middle.  This  effect  is  much  exaggerated  at  II., 
where  the  vanes  are  proportioned  so  as  to  receive  and  symmetric- 
ally reverse  the  full  entrance-velocity,  when  T^O  or  the  vanes  are 
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standing  still.  Case  III.  is  at  the  other  limit,  when  T=^U  and  the 
current  simply  flows  between  straight  vanes,  without  exerting  any 
driving  force — this  being  the  greatest  speed  at  which  the  turbine 
could  possibly  be  made  to  nm  by  steam-action  upon  symmetrical 
vanes.  These  extreme  cases  are  of  interest  in  that  they  show 
the  limits  between  which  must  lie  the  varying  profiles  used  in  a 
multiple-impulse  turbine  of  the  Curtis  type,  as  illustrated,  for  in- 
stance^ in  Fig.  623. 


K 


M.. 
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Fig.  646. — Various  Speeds  with  the  Same  Vanes. 

The  next  question  is  concerned  with  the  effects  of  a  change  in 
the  vane-speed  T  after  the  form  of  the  vane  has  been  fixed,  the 
action  being  roughly  represented  in  Fig.  646.  First  of  all,  the  vane 
is  properly  proportioned  for  the  conditions  at  I.,  where  T=|{7. 
At  II.  the  vanes  are  at  rest  and  receiving  the  full  velocity  Y  as  F^; 
then  the  current  impinges  obliquely  on  the  working-face  of  the  vane, 
instead  of  entering  tangentially;  but  we  here  assume  that  the  dis- 
charge is  tangential  and  that  Y^  or  Y^  is  the  same  as  F,  or  that  no 
energy  is  lost.  The  total  impulsive  effect  upon  the  vane  is  now 
much  greater  than  when  it  is  at  normal  speed;  which  fact  can  be 
expressed  in  another  way  by  saying  that  the  machine  will  have  a 
large  starting  torque,  greater  than  that  which  is  exerted  after  it 
gets  up  to  speed.  As  turbines  are  seldom  used  where  they  have  to 
start  under  load,  this  property  is  of  less  practical  importance  than 
in  a  locomotive-engine  or  in  an  electric  motor. 

The  third  case  illustrated  in  Fig.  646  is  that  of  excessive  speed, 
T  having  twice  the  value  at  I. :  this  represents,  then,  what  would 
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happen  if  the  turbme  were  "runmng  away."  It  is  seen  that  at 
entrance  the  current  will  exert  a  retarding  impulse  upon  the  back 
of  the  vane.  Although  this  condition  is  highly  favorable  to  eddy- 
Josses,  we  for  the  present  show  7,  as  equal  to  V^,  and  tangential  to 
the  vane  at  exit:  then  the  final  velocity  V^  has  a  direction  ap- 
proaching that  of  Vy  instead  of  pointing  backward. 

Cases  II.  and  III.  in  Fig.  646  emphasize  the  requirement  stated 
in  (e),  under  Eq.  (411),  for  the  relations  there  developed;  namely, 
that  the  progressive  or  axial  component  of  the  several  entrance- 
and  exit-velocities  must  be  the  same  if  change  in  kinetic  eneigy  is 
to  be  represented  by  change  in  the  tangential  velocity  U  (or  in 
U^),  Here  we  see  that  as  soon  as  the  condition  of  symmetrical 
reversal  from  V^  to  7,  fails  to  be  realized,  C/^  ceases  to  be  a  true 
oriterion  of  the  residual  eneigy,  and  we  must  go  back  to  the  com- 
parison of  Fq'  with  y 


^r^ 


647. — Speed-change  with  the  Reaction  Element. 

A  similar  discussion  of  the  reaction  turbine  is  represented  in 
Fig.  647:  I.  shows  vanes  for  the  normal  speed  r=0.75  17:  II.,  for 
lower  speed,  shows  that  the  impulse  at  entrance  becomes  of  rela- 
tively greater  importance  as  the  speed  drops,  even  if  we  assume 
that  none  of  the  kinetic  eneigy  at  entrance  is  lost  within  the  vane, 
but  that  all  of  this  plus  the  effect  of  the  pressure-drop  is  present  at 
exit.  The  conditions  at  excessive  speed  are  closely  analogous  to 
those  in  Fig.  646"  III.,  but  are  here  even  less  favorable  at  entrance: 
and  in  Fig.  647  III.  account  is  taken  of  the  shock  and  eddy  losses, 
in  that  7,'  is  less  than  7j'  plus  the  same  pressure-drop  effect  that 
is  shown  at  I. 

The  question  of  the  effect  of  speed-change  in  a  manynstage 
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turbine  is  very  complex:  but  we  can  see  the  general  relation  that 
if  the  cross-section  of  the  total  steam-channel  has  been  designed 
for  a  certain  running-speed  with  a  certain  rate  of  progressive  pres- 
sure-drop, slower  running  will  cause  the  pressure  to  drop  more 
rapidly,  while  over-speeding  will  probably  make  the  steam  back  up. 
The  argument  is  that  with  imder-speeding  less  energy  is  abstracted, 
and  the  steam  has  increased  velocity  in  the  lower  stages,  hence  gets 
out  of  the  way  more  rapidly;  but  if  the  speed  is  raised  ^bove  normal 
— the  latter  being  less  than  the  speed  for  maximum  abstraction  of 
energy — more  energy  will  be  taken  out  and  the  steam  will  have  less 
velocity  to  carry  it  along.  This  loss  of  velocity  will  be  increased  by 
eddy  effects,  especially  because  the  charmel  no  longer  fits  the 
current  smoothly. 

A  brief  discussion  of  the  secondary  effects  which  modify  vane- 
action  will  be  found  in  §  73  (fc). 

(t)  Channel  Form  and  Area  op  Cross-bection. — In  the  most 
usual  type  of  turbine,  that  with  axial  flow  and  having  vanes  with 
side  admission,  the  charmels  for  the  passage  of  steam  all  lie  within 
an  armular  space,  which  changes  in  diameter  and  in  radial  depth 
according  to  the  requirement  for  effective  area.  The  steam-current 
has,  at  any  critical  point,  an  actual  velocity  F^  and  a  progressive 
component-velocity  A  (see  Figs.  642,643,  etc.):  the  latter  is  parallel 
to  the  axis  or  normal  to  the  line  of  vane-movement,  but  the  total 
velocity,  as  also  the  direction  of  the  chaimel,  is  oblique  to  these 
rectangular  reference-lmes. 

To  imderstand  the  effect  of  this  obliquity,  consider  Fig.  648^ 
where  the  vanes  in  R  are  made  straight,  continuing  the  slant  which 
actual  vanes  would  have  at  entrance — ^being  fitted,  of  course,  to  the 
velocity-diagram  II.  Letting  b^  represent  the  pitch  of  the  vanes  or 
the  width  of  the  charmel  in  the  circumferential  direction,  we  see 
that  the  effective  width  is  much  less,  having  the  value 

b^^b^sma    or    b^^^b^sma^:    .    •    .    •     (421) 

in  other  words,  making  the  walls  helical  decreases  the  width  of  the 
charmel  by  an  amoimt  which  increases  with  the  inclination  from 
the  axial  direction. 

In  the  turbine,  the  relation  between  the  steam-velocities,  as 
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shown  at  II.  in  Fig*  648,  is  the  same  as  that  between  the  channel- 
widths  (in  inverse  order)  for 


"^      and    V,'     ^ 


sin  a  *    sm  Ot 

Consequently  the  flow-capacities  are  the  same,  dnce 


(422) 


(423) 


The  last  expres^on,  Ab^,  is  then  the  criterion  by  which  to  measure 
the  effective  area  for  the  passage  of  steanu 


FiQ.  648,— The  Oblique  ChanneL 


Fio.  649.— Channel  of 
Constant  Width. 


The  preceding  discussion  determines  relations  which  in  the 
actual  case  exist  at  entrance  to  and  exit  from  the  channels  between 
curved  vanes.  For  the  body  of  such  a  channel  the  conditions  which 
give  constant  width  are  set  forth  in  Fig.  649,  where  the  curved  por- 
tion of  the  passage  is  included  between  the  radial  lines  CA  and  CB, 
the  same  center  C  being  used  for  the  arcs  through  D  and  E.  The 
straight  lines  (tangents)  which  form  a  large  part  of  the  outer  profile^ 
of  the  vane-section  have,  of  course,  the  inclination  of  the  velocity 
V^  as  in  Fig.  648,  making  the  angle  a^  with  the  Ime  CD. 

An  interesting  conclusion  from  Eq.  (423)  is  that  if  in  an  arrange- 
ment like  Fig.  623  the  vanes  are  brought  to  a  sharp  edge  and  formed 
as  in  Fig.  649,  the  diminution  of  obliquity  will  compensate  for  the 
diminution  of  velocity  due  to  abstraction  of  energy — this  on  the 
assumption  that  the  velocity  changes  are  according  to  a  diagram 
like  Fig.  650,  where  A  remains  constant.  Only  for  the  purpose  of 
accommodating  extra  losses  of  progressive  velocity,  as  by  friction 
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and  eddies/  need  the  channels  be  increased  in  radial  depth  within 
the  pressure-stage. 

(f)  Work-relations  in  the  Compound  Turbine. — ^The  amount 
of  pressurcfcKiropirom  stage  to  stage  in  any  compound  turbine  de- 
pends primarily  upon  the  manner  of  variation  of  the  total  cross- 
section  for  the  passage  of  steam — a  question  which  will  be  taken 
up  presently.  A  point  to  be  brought  out  here,  based  on  wholly 
mechanical  considerations,  is  that  the  amount  of  kinetic  eneigy 
properly  to  be  generated  and  absorbed  in  each  stage  depends  upon 
the  velocity  of  the  vanes.  With  a  rotor  having  several  diameters, 
as  in  Figs.  620  and  629,  T  is  much  larger  in  the  lower  than  in  the 
higher  stages:  but  if  the  efficiency  in  energy-absorption  is  to  be  the 
same  throughout,  there  must  be  nearly  a  constant  ratio  between 
V  and  T.  We  see  then  that  the  lower  stages  must  be  larger,  in 
energy-value,  than  the  upper  stages;  and,  as  a  simple  relation,  that 
this  value  of  the  stage  must  vary  directly  as  the  square  of  the  vane- 
ring  diameter^  or  as  the  square  of  the  corresponding  velocities 
involved. 


Fig.  650. — Velocity-diagram  for  a  Three-impulse  Stage. 

Fig.  650  illustrates  the  relation  between  the  quantities  of  work 
in  the  several  velocity-stages  of  a  multiple-impulse  turbine,  this 
velocity-diagram  being  constructed  in  the  usual  manner,  for  a 
three-impulse  element  like  Fig.  623.  In  the  figure  the  relative 
velocities  of  entrance  and  of  exit  are  marked  by  the  numbers  1,  2, 
and  3  for  each  set  of  vanes — compare  Fig.  74.  Following  the 
method  of  Art.  (e),  and  dropping  for  the  time  the  factor  W/g  in 
Eq.  (403),  we  have  the  following  expressions  for  the  driving-force 
in  the  respective  stages: 

F^-=2{U'-T);  F^=^2{U-3T);  F,^2{U-bT).    .     (424) 
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Of  course,  the  velocity-factor  T  in  P^^F^T  is  the  same  all 
through,  so  that  the  work-rates  are  proportional  to  the  impulsive 
forces.  If,  for  instance,  T  is  one-seventh  of  t7,  as  in  the  figure,  the 
quantities  of  work  done  by  the  steam  upon  the  vanes  are  as  6,  4, 
and  2  in  the  three  velocity-stages. 

To  show  the  identity,  under  the  conditions  of  simple  theory,  of 
the  above  example  with  the  equivalent  single-impulse  element,  we 
first  add  the  three  driving-forces  in  (424),  then  multiply  by  T  to 
get  the  power  developed,  the  results  being 

F=6(C7-3r);    P=2(l7-3r)X3r. 

Since  a  single-impulse  stage  with  the  same  limits  V  and  V^  as  in 
Fig.  645  would  have  the  vane-speed  T'=ZT,  the  desired  equiva- 
lence is  self-evident. 

(A;)  Path  of  the  Jet. — ^The  absolute  path  of  an  element  of  the 
steam-current  as  it  passes  along  the  moving  vane  is  a  matter  of 
interest,  and,  in  cases  like  Figs.  619  and  624  III.  and  IV.,  of  con- 
siderable practical  importance.  Plotting  this  path  is  a  simple  geo- 
metrical process,  which  is  shown  in  Fig.  651  for  the  side-admission 
vane. 

First  of  all,  the  vane-profile  ABC  is  divided  into,  say,  eight 
equal  parts;  then,  from  either  velocity-triangle,  the  distance  that 
the  vane  will  move  on  account  of 
T  while  the  steam  travels  over  one 
interval  with  the  velocity  V^  or 
Fj  is  found.  This  is  laid  off 
parallel  to  BD,  the  proper  number 
of  times  from  each  numbered  point 
on  ABC,  and  the  result  is  the  path 
ADE,  which  is  tangent  to  V  and 
Vq  at  A  and  E  respectively.  For 
a  tangential  bucket,  as  in  Fig. 
624,  the  method  would  be  essen-  F^«-  ^^^'"^^^^l^g^^^***' ''^  *^ 
tially  the  same:    in  the  reaction 

turbine  it  would  be  necessary  to  know  how  the  steam  is  accelerated 
within  the  bucket;  but  with  full  peripheral  admission  there  is  no 
need  of  this  determination. 
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(0  The  Limits  of  Simple  Mechanical  Theory  of  the  steam- 
Bction  have  now  been  reached.  We  next  take  up  the  question  of 
actual  performance,  using  the  mechanical  principles  just  developed 
4uid  the  thermodynamic  methods  and  results  set  forth  in  §§  24  to 
26,  and  following  the  lines  laid  out  in  §  71  (m). 


S  73.  Actual  Performance  of  the  Steam  in  the  Turbine. 

(a)  The  Limit  of  the  Thermodynamic  Process  in  the  turbine, 
or  the  operation  of  maximum  attainable  efficiency,  is  the  Rankine 
cycle,  represented  by  ABCE  in  Fig.  652.  For  the  discussion  of 
turbine-performance,  the  entropy-temperature  diagram  is  more 
serviceable  than  the  pressure-volume  diagram;  and  knowledge  of 
the  former,  derived  from  Chapter  VL  or  an  equivalent  source,  is  a 
necessary  preparation  for  what  follows,  with  especial  emphasis  laid  • 
on  a  review  of  Figs.  79  and  80.  Familiarity  with  the  fundamental 
theory  in  Chapters  III.  and  Y.  is  also  assumed. 

In  §  24,  £q.  (116),  was  derived  an  expression  for  the  heat- 
eneigy  represented  by  the  effective  area  ABCE,  in  the  form 

E^qi+x^r^-q^-xjr^+AiP^w^'-P^w^).      .    .     (425) 

This  was  got  by  the  pressure-volume  method,  using  entropy  rela- 
tions only  in  finding  x,  from  Xj  for  the  adiabatic  expansion  BC. 
To  get  the  same  formula  from  Fig.  652,  we  note  that  the  area  under 
the  water-heating  curve  PA,  down  to  absolute  zero,  is  q^,  while 
under  PE  we  have  g,  ^"^^  under  AB  the  heat  of  vaporization  r^, 
since  Xj  is  here  imity.  The  heat  received  from  E  to  B,  starting  with 
feed-water  at  Tj,  is,  then,  as  in  §  9  (d)  or  §  16  (a), 

0i=«i-9a+»'i    or    Qi  =  -ffi-ft;      .    .    .     (426) 

«and  the  heat  rejected,  imder  CE,  is  very  evidently 

Q2-^2, .    (427) 

:aIthough  it  can  be,  perhaps,  more  easily  computed  by  the  equiva- 
lent formula 

Q,-(a,+5-a^r, .     (428) 
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The  meaning  of  a  and  b,  which  are  the  entropies  of  heating  and  of 
evaporation,  taken  from  the  Steam-table,  is  fully  explained  in  §  13 
(c). 

Subtracting  Q,  in  (427)  from  Q^  in  (426),  we  get  (425)  for  Xi= 
1.00,  except  that  the  last  term,  the  water-volume  effect,  is  lacking. 
This  must  be  taken  into  account,  because  the  work  done  by  the 
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Fig.  662. — ^Elntropy-temperature  Diagram  of  the  Rankine  Cycle. 
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feed-pump  in  forcing  water  into  the  boiler  reappears  at  the  engine- 
piston  or  in  the  steam-jet;  but  it  must  be  added  to  the  cycle  as 
something  extraneous  rather  than  a  part  of  the  main  operation 
itself.  It  is  more  strictly  correct  to  change  this  term  to  A  (P^—  P^w^, 
because  any  external  work  of  expansion  as  the  water  is  heated  from 
r,  to  Tj  in  the  boiler  is  included  in  the  water-heat  (^i— ^j)- 

For  the  area  of  ABCE,  Fig.  652,  or  for  the  disposable  work  ex- 
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pressed  in  heat  units  when  the  steam  is  drynsaturated  at  B,  we 
have 

^H^-q2-(fli+W-(h)T2+0,lS5(jf>i-p^v>r  .    .     (429) 

The  latter  formula  was  used  in  the  computation  of  Table  XII., 
where  the  values  of  E  are  so  closely  spaced  that  ordinary  recti- 
linear interpolation  will  give  sufficiently  accurate  results  for  any 
intermediate  conditions. 

Having  this  table,  it  is  easiest  to  find  the  disposable  work  when 
the  steam  is  wet  or  superheated  by  calculating  the  resulting  quan- 
tity to  be  subtracted  from  or  added  to  the  tabular  value.  Thus 
when  the  steam  contains  the  fraction  m^  of  moisture,  the  area 
ABCE  will  be  diminished  by  a  rectangle  whose  width  is  mfi^  and 
its  height  Tj-  Tj  or  t^—t^,  so  that 

JE=-mfi^{ti-t^ (430) 

If  the  steam  is  superheated  ts  d^rees  and  we  know  the  specific 
heat  c  (under  constant  pressure),  the  total  heat  imparted  above  ^, 
or  the  area  DBQS,  is 

h^c^ts (431) 

The  portion  of  this  heat  rejected,  under  CR,  is  the  product  of  the 
entropy  CR  and  the  lower  temperature  T,.  For  CR  we  have  from 
Eq.  (175) 

JV8=2.3026cilog^^ (432) 

Then  the  area  CBQR  is 

JE^  +  (c,ts-NsT^) (433) 

These  methods  are  used  in  getting  the  values  imder  w  and  Wn 
in  the  Test  Tables,  Chapter  XIII.,  where  w  stands  for  what  is  here 
called  JE,  and  W^.  is  the  disposable  work,  measured  in  heat,  or 

Wn^iE+JE) (434) 

The  advantage  over  a  direct  calculation,  with  m^  or  ts  incorporated 
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into  (425),  is  that  the  latter  requires  precise  arithmetic,  while  JE 
can  be  well  enough  found  by  means  of  the  slide-rule. 

An  essential  inaccuracy  with  superheat  is  due  to  the  fact  that 
the  specific  heat  varies  with  the  temperature;  but  as  a  fair  ap- 
proximation a  mean  value  for  the  given  range  and  pressure  may  be 
used  in  Eq.  (432).  And  with  very  high  superheat  the  adiabatic 
TU  may  drop  to  the  pressure  pj  while  yet  in  the  r^ion  of  super- 
heat, as  at  U,  beyond  the  curve  BM:  then  the  constant-pressure 
exhaust-line  will  follow  the  curve  UV,  and  of  the  total  heat  supplied 
beyond  BD  all  imder  CVU  will  be  rejected.  The  portion  VUX 
can  be  most  easily  found  graphically,  and  either  be  added  to  NqT^ 
or  subtracted  from  JE  as  found  by  (433). 

As  bearing  on  the  practical  importance  of  this  last  point,  we 
may  note  that  the  curve  VUT  on  Fig.  652  is  drawn  for  the  condi- 
tions in  Test  401.3,  Table  75  E,  with  600  degrees  of  superheat,  non- 
condensing.  With  about  300  d^rees  X  will  fall  very  near  K  on  a 
horizontal  line  at  15  lbs.  abs.;  but  with  a  condensing  engine  or 
turbine  X  will  be  far  inside  of  R  for  any  attainable  superheat. 

(p)  Net  Performance  op  the  Turbine. — Of  the  total  energy  £ 
which  is  available  for  accelerating  the  steam-jet,  a  very  consider- 
able portion  is  not  effectively  transferred  to  the  turbine-rotor,  but 
is  wasted  by  being  changed  back  to  heat  through  current-friction, 
eddies,  etc.,  and  rejected  in  the  exhaust.  In  Fig.  652,  for  instance, 
it  is  assumed  that  one-third  of  E,  represented  by  the  area  GBCH, 
is  thus  lost;  then  the  effective  output  is  only  AGHE,  and  the  heat 
rejected  is  increased  by  the  amount  DCJK.  The  entropy-incre- 
ment CJ  is  found  by  dividing  GBCH  by  the  absolute  temperature 
T2.  Here  we  do  not  attempt  any  analysis  of  the  losses,  but  simply 
lump  them  all  together  and  show  their  gross  effect:  and  it  must  be 
clearly  understood  that  the  line  GH  does  not  represent  any  opera- 
tion in  the  turbine,  but  is  used  merely  to  divide  the  area  in  a  certain 
proportion.  Referring  to  Table  75  E,  we  see  that  the  total  thermo- 
dynamic waste  is  likely  to  lie  between  35  and  45  per  cent,  in  good 
turbines  of  fair  size.  But  before  taking  up  the  discussion  of  the 
character  and  amount  of  these  losses,  we  shall  consider  briefly 
what  happens  in  a  multiple-expansion  turbine,  where  the  wastes 
in  one  stage  increase  the  supply  of  heat  for  the  next. 
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This  is  illustrated  in  Fig.  653|  for  a  four-stage  turbine.  The 
pressure-limits  are  165  lbs.  and  1  lb.  per  sq.  in.  absolute,  and  the 
total  available  eneigy  A^B^CE^  is  divided  into  four  nearly  equal 
parts  by  the  lines  A,Bj,  A,B„  A^B^.  Now  the  loss  GiBiCjHi  moves 
the  adiabatic  line  for  the  second  stage  out  to  B^C,,  and  similarly 
each  of  the  succeeding  stages  has  drier  steam,  or  more  heat*to  work 
with,  than  it  would  have  had  with  simple  adiabatic  expansion  from 
the  initial  state  at  B^.  Of  course  the  effect  of  this  restoration  is 
comparatively  small:  thus  in  Fig.  653  the  efficiency  of  each  stage 
is  t^en  to  be  65  per  cent.,  this  being  the  ratio  of  any  AGHE  to 
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Fio.  653. — Diagram  for  the  Multiple-stage  Turbine. 

the  corresponding  ABCE;  while  the  total  efficiency,  the  ratio  of 
AjGiH^E^  to  AiBjCE^,  is  68.5  per  cent.,  showing  a  net  gain  of 
3.5  per  cent,  as  a  slight  compensation  for  the  earlier  losses. 

The  actual  behavior  of  the  steam  in  the  turbine  is  a  matter 
about  which,  in  its  more  intimate  and  exact  detail,  very  little  is 
known.  The  subject  is  much  like  that  of  the  thermal  interactions 
within  the  engine-cylinder,  being  equally  incapable  of  accurate 
determination  and  of  expression  in  terms  of  the  results  of  simple 
experimentation  on  isolated  elements  of  the  problem.    Neverthe- 
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less  much  light  is  thrown  on  the  subject  by  such  experiments, 
and  we  shall  now  very  briefly  review  the  methods  and  the  results 
of  researches  which  have  been  made. 

(c)  Flow  through  Orifices. — ^The  best  group  of  experiments 
to  find  the  rate  of  flow  through  the  convergent  nozzle  and  the 
plain  orifice  seems  to  be  those  of  Professor  Rateau,  made  in  1895-6 
and  first  published  in  1900.  Selected  results  are  given  in  Table 
73  A,  the  nozzles  tested  are  shown  in  Fig.  654,  and  the  whole  series 
is  plotted  in  Fig.  655.  The  tabular  quantities  are  reduced  to  a 
form  directly  comparable  with  the  ideal  jet  as  set  forth  in  Tables 
26  A  and  B.    The  meaning  of  each  symbol  is  as  follows: 

Pi= initial  pressing  in  pounds  per  square  inch  absolute; 

i2p= ratio  of  discharge  pressure  p,  to  p^,  or  vJVxi 

£= actual  value  of  the  divisor  in  the  formula 

TT-^, (435) 

where  a »  area  of  orifice  (I^^t  area  of  nozzle)  in  square  inches  and 
W  is  discharge  in  pounds  per  second.  To  put  the  relation  into 
simplest  shape,  let  w^  W/a  be  the  flow,  in  poimds  per  square  inch 
per  second,  so  that 

^-|-  •    . (436) 

This  formula  was  used  in  getting  K  from  the  original  tables  of 
results:  and  it  is  to  be  noted  that  -Kis  numerically  the  same  either 
for  lbs.  per  sq.  in.  of  pressure  and  of  discharge  or  for  kg.  per  sq. 
cm.  of  pressure  and  of  discharge. 

To  continue  with  the  symbols  in  Table  73  A, 

Xt= tabular  or  theoretical  divisor,  from  Tables  26  A  and  B; 
ifT/-K= coefficient  of  discharge,  equal  to  W/Wt,  where  the 
latter  are  respectively  the  actual  and  theoretical 
rates  of  flow; 
TTh^  actual  rate  of  flow  in  the  test,  expressed  in  pounds  per 
hour  to  give  an  idea  of  the  magnitude  of  the  experi- 
ment. 
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The  quantity  plotted  on  Fig.  655  is  the  coefficient  of  discharge, 
TF/TTt,  on  the  pressure-ratio  Rp  as  base.  Curves  A,  B,  C  (for 
the  similarly  designated  nozzles)  are  separated,  each  having  its 
own  scale,  while  N  is  their  average  to  the  main  scale  at  the  left, 
which  serves  for  curve  D  also.  Except  at  the  beginning  of  curve  C 
the  results  are  very  smooth  and  consistent,  even  with  the  irregu- 

Table  73  A.    Examples  prom  Rateau's 
Experiments  on  Flow  of  Steam. 


Pi 

Bp 

K 

Kt 

Kt/K 

TFh 

151.8 

.890 

108.3 

103.9 

.959 

561 

^  151.4 

.738 

77.8 

75.7 

.974 

707 

.466 

70.1 

70.5 

1.006 

830 

138.3 

.015 

69.3 

70.3 

1.015 

765 

77.1 

.953 

159.0 

148.2 

.933 

503 

86.2 

.908 

115.6 

110.3 

.949 

775 

,.   55.7 
®   58.3 

.891 

106.7 

101.2 

.951 

642 

.474 

68.0 

68.7 

1.011 

890 

58.9 

.282 

67.9 

68.7 

1.012 

900 

110.7 

.019 

68.8 

69.9 

1.016 

1670 

57.4 

.984 

277. 

249. 

.899 

570 

57.6 

.951 

159.7 

145.2 

.910 

992 

17.6 

.864 

95.7 

89.8 

.945 

507 

22.5 

.782 

79.3 

75.6 

.956 

780 

C   21.4 

.687 

70.5 

69.2 

.981 

837 

23.2 

.544 

67.1 

67.0 

.  yyy 

951 

22.8 

.432 

66.4 

67.0 

1.009 

947 

16.9 

.105 

65.3 

66.4 

1.017 

712 

41.7 

.058 

67.6 

68.1 

1.022 

1700 

70.9 

.965 

275.6 

171.1 

.620 

458 

46.0 

.838 

128.2 

86.0 

.672 

638 

^^   58.8 

.640 

92.0 

68.8 

.749 

802 

.396 

81.4 

68.7 

.844 

1280 

54.9 

.257 

78.2 

68.6 

.877 

1250 

57.5 

.039 

77.9 

68.7 

.883 

1312 

3650Dr 


Fig.  654.— Nozzles  Used 
in  Rateau's  Experi* 
ments. 


larities  greatly  magnified  by  the  coarseness  of  the  vertical  scale. 
Variation  in  the  initial  pressure  pj,  as  distinguished  from  variation 
in  Rp,  seems  to  have  very  little  effect.  For  the  conveiging  nozzle 
the  actual  flow  keeps  very  close  to  the  theoretical,  but  the  manner 
of  change  in  relation,  and  especially  the  fact  that  the  coeflScient 
becomes  greater  than  one  with  low  discharge  pressures,  have  not 
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been  rationalized.  It  does  not  appear  that  the  small  differences 
in  form  of  nozzles  A,  B,  and  C  have  any  appreciable  effect  upon 
the  flow.  With  the  plain  orifice  the  discharge  keeps  on  increasing 
after  p,  drops  below  the  critical  value  0.58pi,  though  at  a  dimin- 
ishing rate. 

Other  experiments  confirm  those  of  Rateau,  showing  a  similar 
small  excess  of  actual  over  theoretical  discharge  with  low  pressure- 
ratioS;  even  when  a  short  straight  tube  is  added  beyond  the  con- 
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Fig.  655. — ^The  Coefficient  of  Discharge  as  Determined  by  Rateau. 

verging  nozzle.  A  good  collection  of  data  along  this  line  will  be 
foimd  in  Thomas'  Steam  Turbines,  at  page  101  of  the.  first  edition, 
(d)  Flow  with  a  Diverging  Nozzle. — Some  experiments  have 
seemed  to  show  that  the  addition  of  the  diveiging  cone  diminishes 
the  rate  of  flow;  but  the  more  reliable  work  does  not  appear  to 
confirm  this  view  for  a  nozzle  with  proper  entrance-roimding.  In 
one  of  Lewicki's  tests  (see  Art.  (/)),  a  De  Laval  nozzle  for  atmos- 
pheric exhaust  was  used  having  the  following  dimensions: 
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Least  diameter,  d^,- 0.238  in.;  outlet  diameter,  d,« 0.305  m.; 
least  area,  ag=».0447  sq.  in.;  ratio  of  divergence,  02/(1^=1.64. 
Note:  d,  is  measured  where  the  slanting  endnsuiface  b^ins  to  cut 
across  the  cone,  or  it  is  the  laigest  diameter  of  the  fully  enclosed 
part  of  the  cone.    The  total  taper  of  the  cone  is  about  1  in  16. 

With  an  absolute  steam-pressure  of  pi«99.1  lbs.,  and  atmos- 
pheric dischaige-pressure  P3=»  14.5  lbs.,  making  the  ratio  Rp^O.146, 
the  flow  was  .0664  lb.  per  sec.:  this  makes  the  rate  w  equal  0.1486 
lbs.  per  sq.  in.  per  sec.,  whence  K^pJw^QQ.T.  For  this  experi- 
ment (No.  5  in  Table  1  b  of  the  original),  the  steam  was  super- 
heated only  a  few  degrees:  we  may  therefore  take  Kf^  from  Table 
26  B,  getting  69.7,  and  the  coefficient  of  discharge  becomes  K^/K'^ 
1.045.  The  flow  was  not  measured  directly,  as  this  was  a  reaction 
experiment;  presumably  it  was  found  by  a  parallel  test,  with  con- 
densation and  weighing  of  the  steam  discharged.  The  excess  of 
4.5  per  cent,  seems  rather  large,  but  the  essential  fact  is  that 
there  is  an  excess,  just  as  in  Rateau's  experiments  with  converg- 
ing nozzles. 

In  one  case  the  diverging  nozzle  greatly  augments  the  rate  of 
flow,  as  pointed  out  by  Stodola,  Ed.  II.,  English,  page  68.  This 
is  when  there  is  only  a  small  pressure-drop,  and  the  action  is  like 
that  illustrated  in  Fig.  657.  The  diverging  part  of  the  nozzle  is 
entirely  superfluous  under  these  conditions,  so  far  as  the  proper 
formation  of  the  jet  is  concerned;  and  its  effect  is  to  induce  an  . 
excessive  pressure-drop  and  a  higher  velocity  in  the  throat,  with 
subsequent  rise  and  retardation.  The  velocity  at  the  throat  of 
the  nozzle  is,  of  course,  what  determines  the  discharge. 

The  information  available  in  regard  to  this  subject  of  the  rate 
of  flow  seems  to  justify  the  conclusion  that,  with  properly  formed 
nozzles,  the  discharge  will  differ  very  little  from  that  deduced  by 
simple  theory.  What  is  meant  by  a  properly  formed  nozzle  will  be 
further  developed  presently. 

(e)  Velocity  of  the  Jet. — How  nearly  the  ideal  velocity  is 
realized  at  the  mouth  of  the  distributor  or  nozzle  is  a  fundamental 
criterion  of  the  performance  of  this  part  of  the  turbine,  since  it 
shows  what  proportion  of  the  available  energy  has  been  effectively^ 
converted  into  the  form  which  can  be  absorbed  by  the  rotor.    The 
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experimental  determination  of  this  velocity  is  a  matter  of  much 
difficulty,  and  some  investigators  appear  to  have  followed  fal^e 
leads. 

The  Reaction  Method. — With  the  first  part  of  §  72  before  us, 
measurement  of  the  force  of  reaction  offers  itself  as  a  very  simple 
way  of  finding  the  velocity  with  which  this  reaction  corresponds — 
using  either  the  reaction  on  the  containing  vessel  as  indicated  in 
Fig.  633  I.,  or  the  pressure,  on  a  flat  plate  held  in  the  jet  as  in  Fig. 
633  II. 

Reaction  of  Jet-formation, — ^The  first  idea  is  applied  by  forming 
the  nozzle  in  the  side  of  a  vessel  which  is  suspended  at  the  end  of  a 
pendulum  or  of  a  flexible  tube,  steam  being  introduced  at  the  point 
of  suspension  or  of  attachment  of  the  tube;  the  opposite  side  of 
the  vessel  bears  against  a  suitable  dynamometer  or  weighing  device, 
the  scheme  being  outlined  in  Fig.  656  I. 


Fig.  656. — Measuring  the  Reaction  of  the  Jet. 

Several  extensive  sets  of  experiments  have  been  made  along  this 
line;  but  a  fundamental  error  which  vitiates  most  of  them  consists 
in  the  assumption  that  the  force  measured  is  all  dynamic  reaction, 
due  to  the  realized  velocity  of  the  jet.  That  this  assumption  is 
incorrect  is  shown  at  II.  in  Fig.  656.  At  the  mouth  of  the  plain 
converging  nozzle  will  exist  the  velocity  V^y  produced  by  the  drop 
from  pi  to  Pq  (=.575  pj;  with  this  velocity  the  dynamic  reaction 
F^  will  tend  to  impel  the  vessel  toward  the  left.  Besides  F^  there 
will  be  a  static-pressure  reaction,  due  to  the  fact  that  upon  an  area 
a^  on  one  side  of  the  vessel  (the  nozzle-mouth)  acts  the  pressure 
Pq,  while  upon  the  corresponding  area  on  the  other  side  acts  only 
P2.  In  general,  if  p  is  the  pressure  and  a  the  area  at  the  mouth  of 
the  nozzle,  the  jet  having  the  velocity  F,  to  which  corresponds  the 
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reaction  F,  the  total  force  tending  to  move  the  vessel  will  be 

P=F+(p-p,)a (437) 

Only  when  the  pressure  in  the  jet  at  the  mouth  of  the  nozzle  is 
equal  to  pj?  ^^  when  the  whole  operation  of  acceleration  to  the 
velocity  at  p,  is  carried  out  within  the  nozzle,  does  the  measured 
force  agree  with  the  dynamic  reaction — this  case  being  illustrated 
by  Fig.  656  III.  It  appears,  however,  that  when  the  nozzle  di- 
verges too  much  for  the  drop  from  p^  to  p,,  so  that  the  pressure  in 
the  jet  falls  below  p,  and  then  rises  to  this  value  at  the  outlet,  the 
action  being  all  carried  out  within  a  nozzle  which  b  part  of  the 
movable  vessel,  that  then  the  net  effect  is  a  dynamic  reaction  due 
to  the  velocity  at  the  mouth  of  the  nozzle.  The  larger  dynamic 
force  due  to  the  highest  velocity  is  partly  balanced  by  the  effect  of 
the  retardation  in  the  nozzle  towards  its  mouth. 

An  analysis  of  the  exact  manner  in  which  the  reaction-forces 
act  upon  the  containing  vessel,  involving  a  study  of  just  how  the 
pressure  varies  and  the  current  is  accelerated,  might  be  of  interest; 
but  it  is  of  no  practical  importance,  in  view  of  the  fact  that  we  can 
pass  over  all  these  details  and  go  right  to  the  resultant  effect,  as 
ah-eady  pointed  out  in  §  72  (a). 

Experiments  by  this  method  are  valueless  without  a  measure- 
ment of  the  pressure  in  the  jet  at  the  mouth  of  the  nozzle — a  deter- 
mination not  included  in  any  that  have  so  far  been  made  and  pub* 
lished. 

(/)  Reaction  op  Jet-destruction. — ^This  heading  describes 
what  takes  place  when  a  flat  plate  is  set  squarely  in  the  path  of  the 
jet,  as  in  Fig.  633 II.,  so  as  completely  to  destroy  the  forward  move- 
ment of  the  current,  deflecting  it  all  out  sidewise.  To  illustrate 
what  can  be  done  by  its  method,  we  will  consider  briefly  the  ex- 
periments of  E.  Lewicki  at  Dresden,  published  in  Zeitschrift  des  Ver- 
eins  deutscher  Ingenieure,  1903,  page  491. 

The  nozzles  used  belonged  to  a  30-H.P.  De  Laval  turbine  (see 
Test  401,  Table  75  E);  one  has  already  been  described  in  Art.  (d), 
the  other  was  a  conveiging  nozzle  with  long  taper — ^in  effect,  the 
first  reversed.    The  steam-pressure  used  was  about  100  lbs.  abso- 
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lute,  and  the  plate  on  which  the  jet  impmged  was  held  at  distances 
ranging  from  0.2  in.  to  9  ins.  from  the  end  of  the  nozzle — the  latter 
being  some  distance  from  the  mouth  proper,  on  account  of  the 
slant  at  which  the  nozzle  is  cut-oflf.  The  dynamic  pressure  of  the 
jet  being  measured,  the  velocity  was  calculated  from  it  and  com- 
pared with  the  ideal  velocity  that  w^ould  be  produced  by  a  perfect 
transformation  of  energy  with  adiabatic  expansion.  The  results 
secured  were  as  follows: 

Using  the  converging  nozzle,  the  velocity-loss  varied  from  0.128 
when  the  plate  was  close  to  the  nozzle-end  to  .08  at  2  ins.  distance, 
.05  at  3  ins.,  .033  at  4  ins.,  .043  at  6  ins.;  each  of  these  fractions 
showing  the  difference  between  actual  and  ideal  velocity,  expressed 
as  a  part  of  the  latter.  These  tests  were  all  made  with  about  100°  F. 
of  superheat.  With  the  diverging  nozzle,  properly  proportioned 
for  the  pressure-drop,  the  loss  varied  from  .05  or  .06  at  2  ins.  to 
.035  at  6  ins.  In  this  group  the  superheat  was  varied  from  zero  to 
something  over  100°,  and  for  the  distance  6  ins.  the  velocity-loss 
ranged  from  .043  to  .033,  decreasing  as  the  superheat  was  greater. 
As  might  be  expected,  the  results  show  irregular  fluctuations,  yet 
they  are  on  the  whole  quite  fairly  consistent. 

In  interpreting  these  results,  we  note  first  of  all  that  the  de- 
ficiency in  kinetic  enei^gy  is  about  twice  as  great  as  that  in  velocity; 
thus  if  the  actual  velocity  is  0.95  of  the  ideal,  the  actual  energy 
will  be  0.95^,  or  0.9025  of  the  total  available  energy.  It  appears, 
then,  that  with  the  diverging  nozzle  the  jet  is  from  10  to  12  per 
cent,  short  on  enei:gy  near  the  nozzle-end,  while  with  the  converg- 
ing nozzle  the  shorta^^e  appears  to  be  as  much  as  24  per  cent.  The 
meaning  of  the  smaller  values  got  when  the  plate  is  farther  from 
the  nozzle  is  that  the  jet  picks  up  air  from  the  surrounding  atmos- 
phere, with  no  loss,  but  rather  a  gain  at  first,  in  the  momentum  of 
the  increased  moving  mass,  even  though  there  be  a  loss  of  kinetic 
energy.  But  these  distant  measurements  are  obviously  of  no 
value  as  showing  the  efficiency  of  the  nozzle  in  producing  a  jet 
applicable  to  the  turbine-wheel. 

(g)  Measuring  the  Pressure  in  the  Jet. — ^A  method  of  ex- 
perimentation which  leads  to  many  interesting  and  some  highly 
useful  results  is  that  of  the  exploring  tube  with  a  small  hole  drilled 
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at  one  point  in  its  length,  which  is  located  in  the  axis  of  the  nozzle 
and  can  be  moved  endwise  so  as  to  measure  the  pressure  in  the 
steam-jet  at  various  points — ^the  scheme  having  been  described  in 
§  28  (c),  besides  being  outlined  in  Fig.  657,  reproduced  from  Fig. 
63.  A  laige  number  of  experiments  have  been  made  along  this 
line,  by  Stodola  and  others,  throwing  much  light  upon  the  phe- 
nomena of  jet-formation.  A  brief  statement  of  the  conclusions 
that  can  be  drawn  from  these  data  is  contained  in  the  next  three 
articles. 

(A)  Acoutoc  Vibrations. — When  the  jet  dischaiges  from  a 
short  converging  or  parallel  nozzle,  the  pressure-ratio  Rp  ranging 
anjrwhere  from  0.7  to  0.1,  there  is  evident  a  strong  tendency  to 
set  up  acoustic  vibrations.  This  type  of  wave-motion  is  linear, 
that  is,  backward  and  forward  in  the  direction  of  its  own  progres- 
sion, or  here  along  the  steam-current;  and  it  shows  itsetf  in  the 
establishment  of  alternating  zones  or  transverse  layers  of  higher 
and  lower  pressures,  fixed  in  location  under  constant  conditions, 
and  giving  the  pressure-curve  a  wave-line  form.  The  action  ab- 
sorbs some  energy,  diminishing  that  which  is  in  the  useful  kinetic 
form. 

If  a  diverging  nozzle  is  so  proportioned  that  the  pressure  in  its 
mouth,  reached  by  a  continuous  drop  from  p^,  is  just  equal  to  the 
discharge-pressure  pj?  ^^^n  the  current  beyond  the  nozzle  is  likely 
to  flow  smoothly  and  evenly.  But  if  the  nozzle  is  too  short,  so 
that  the  jet  flows  into  an  atmosphere  of  lower  pressure,  or  if  the 
nozzle  expands  too  much,  so  that  the  pressure-variation  within  it 
is  of  the  character  typified  in  Fig.  657,  the  vibration  tendency  is 
strong. 

There  is  here  a  contradiction,  not  reconciled  by  the  information 
at  hand  (Stodola's  curves):  with  a  converging  nozzle  and  p,^ 
0.58pi,  the  jet  flowing  into  its  own  pressure,  vibration  is  shown; 
but  with  a  diverging  nozzle  fitted  to  and  discharging  into  a  lower 
value  of  P2f  there  is  little  or  no  vibration.  That  the  velocity  v^ 
at  Pq  (at  the  choke  of  the  jet)  is  the  same  as  the  velocity  of  sound 
in  the  particular  medium  may  have  something  to  do  with  this — a 
question  for  the  physicist.  The  subject  has  been,  however,  hy  no 
means  fully  mapped  out,  and  we  are  not  called  upon  to  accept  a 
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conclusion  that  would  make  a  stage  with  small  pressure-drop  less 
efficient,  in  this  particular  respect,  than  one  with  laige  drop.  The 
important  practical  result  is  the  strong  testimony  to  the  effective- 
ness of  a  properly  designed  diverging  nozzle. 

(i)  DiPFUSER  Action. — While  the  nozzle  with  a  proper  ratio  of 
diveigence  delivers  the  jet  of  maximum  efficiency,  it  is  most  essen- 
tial that  the  nozzle  be  not  carried 
too  far,  or  expanded  too  widely,  *  ^ 
so  as  to  set  up  the  action  repre-  ^ 
eented  in  Fig.  657  and  plotted 
from  experiment  in  Fig.  64  (from 
Stodola).  If  the  atmosphere  on 
the  discharge  side  is  kept  away 
from  the  jet  and  the  latter  flows 
forward  within  an  enlarging  chan- 
nel, it  will  drop  well  below  p,, 
with  the  development  of  a  corre- 
spondingly high  velocity;  but 
after  the  minimum  pressing  has 
been  reached  (depending  on  con- 
ditions not  yet  made  determinate) 
there  is  a  gradual  rise  of  pressure,  with  retardation  of  the  jet;  and 
the  final  velocity,  at  the  mouth  of  the  long  nozzle,  is  far  less  than 
that  which  would  have  been  secured  if  the  latter  had  been  cut  off 
at  the  point  where  Pa  was  first  reached,  at  CD  in  Fig.  657.  Over- 
expansion  of  the  nozzle  is  most  decidedly  to  be  avoided  in  the 
design  of  the  turbine. 

(j)  Energy-loss  in  the  Nozzle, — An  indirect  method  of  get- 
ting at  the  real  velocity  of  the  jet,  less  obvious  than  those  dis- 
cussed in  (e)  and  (/)  but  rather  more  promising  of  reliable  results, 
is  based  upon  pressure-measurements  along  the  nozzle.  Having 
found  by  trial  the  exact  rate  of  dischaige  from  a  certain  nozzle,  we 
■can  calculate  how  the  pressure  ought  to  vary  along  its  axis,  first 
with  ideal  adiabatic  expansion,  second  under  the  assumption  that 
the  eneigy  actually  put  into  the  jet  is  less  than  the  ideal  amount 
by  a  certain  proportion.  From  these  calculations,  which  give 
directly  the  cross-section  at  each  pressure  as  in  Fig.  46  or  Fig.  48, 
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we  can  draw,  on  the  nozzle-length  as  base,  curves  showing  the 
manner  of  pressure-drop  for  zero,  ten,  twenty,  etc.,  per  cent,  of 
eneigy-deficiency.  By  plotting  the  observed  pressure  across  these 
curves,  we  can  see  just  what  is  the  energy-condition  of  the  actual 
jet,  and  thence  easily  pass  to  its  velocity. 

Stodola  gives  an  example  by  this  method,  fully  worked  out. 
He  used  the  nozzle  shown  on  Fig.  64,  approximating  0.5  to  1.5 
inches  in  diameter  by  6.3  ins.  long,  with  steam  at  149  lbs.,  super- 
heated about  30**  F.  At  11.5  lbs.  abs.  in  the  nozzle,  about  4  ins. 
from  the  outlet,  the  observed  pressure  was  just  that  for  ten  per 
cent,  of  energy-loss;  at  the  outlet,  where  it  measured  2.8  lbs.  abs., 
it  indicated  a  loss  of  about  18  per  cent.  The  values  found  in 
Lewicki's  tests  are  fairly  consistent  with  the  above  results.  Stodola 
concludes  that  for  nozzles  from  0.2  to  0.4  in.  at  the  throat  (sizes 
usual  in  De  Laval  practice)  the  enei:gy-loss  is  likely  to  be  from  10 
to  15  per  cent.  In  large  multiple-stage  turbines  it  would  be  much 
less,  depending  a  good  deal  upon  the  smoothness  of  the  surfaces* 
Friction  is,  of  course,  the  chief  source  of  this  loss. 

The  weak  point  in  the  scheme  just  described  is  the  difficulty 
of  measuring  the  pressure,  with  the  desired  degree  of  precision; 
also,  it  requires  a  forbidding  amount  of  calculation,  which  can, 
however,  be  greatly  facilitated  by  graphical  methods. 

(k)  DEFLECJTroN  OF  THE  Jet. — Bcyoud  the  nozzle,  very  little 
has  been  done  in  the  way  of  effective  experiment  upon  the  behavior 
of  the  steam-current;  and  it  does  not  appear  that  any  considera- 
ble part  of  the  subject  is  open  to  detailed  experimental  investi- 
gation. There  is  room,  however,  for  some  very  useful  work  in  the 
examination  of  the  action  of  a  steam-current  in  a  curved  charmel> 
to  be  carried  out  by  a  device  analogous  to  the  exploring  tube- 
Nothing  along  this  line  has  as  yet  been  published. 

In  Fig.  6341.  the  current  is  represented  as  if  made  up  of  a 
number  of  stream-lines  or  narrow  ribbons,  which  flow  together 
smoothly  around  the  curve,  the  particles  that  were  in  a  certain 
cross-section  of  the  current  at  entrance  occupying  the  same  rela- 
tive positions  at  exit,  and  the  only  accelerations  involved  being 
transverse  or  centripetal.  It  is  easy  to  see  that  this  ideal  can  be 
even  approximately  realized  only  when  the  stream  is  very  narrow. 
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or  its  width  only  a  small  fraction  of  the  radius  of  the  curve;  but 
the  development  of  a  rational  and  consistent  idea  of  what  takes 
place  in  a  broad  channel,  like  those  between  the  blades  in  Fig.  616 
for  instance,  is  a  very  diflScult  problem. 

If  we  could  adhere  to  the  steam-line  h3rpothesis,  the  action 
might  be  somewhat  as  represented  in  Fig.  658  I.,  where  the  outer 
streams  are  crowded  together  on  account  of  the  centrifugal  force 
of  the  whole  current,  which  has  been  discussed  in  §  72  (6).  A 
number  of  knotty  questions  now  arise,  as  follows: 

The  outer  part  of  the  stream  being  compressed,  what  is  the 
linear  effect  (along  the  current)  of  this  increased  pressure  or  stress 
within  the  steamnsubstance? 

Will  the  outer  and  inner  streams  traverse  their  paths  of  different 
length  in  the  same  time?  If  so,  how  will  the  differences  in  velocity 
be  produced?  If  not,  will  the  streams  slide  on  each  other,  so  to 
speak? 


Fio.  658. — Behavior  of  the  Jet  in  the  Bucket  or  Vane-channel. 


In  what  manner  will  uniformity  of  pressing  throughout  the 
current  be  established  at  exit? 

Without  trying  to  answer  these,  it  is  evident  that  the  idea  of 
"parallel"  ribbons  will  have  to  be  abandoned;  then  considering 
the  stream  as  a  whole,  with  the  first  part  of  the  curved  guide- 
surface  cutting  obliquely  across  the  line  of  flow,  we  see  that  this 
surface  will  not  only  deflect  the  current  (accelerate  it  transversely) 
but  will  also  exert  a  component  against  the  entrance  velocity,  pro- 
ducing a  linear  retardation.  Instead  of  sweeping  smoothly  around 
the  curve,  the  jet  will  pile  into  the  bucket  in  a  confused  and  tu- 
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multuous  f  ashioii;  with  a  rise  in  the  average  pressure  throughout 
the  confiend  space;  and  then  from  this  broken  and  eddying  stream 
the  escaping  jet  will  be  again  formed  in  a  manner  somewhat  like 
that  which  prevails  in  the  reaction  turbine. 

As  to  the  direction  of  the  outflowing  jet,  it  will  evidently  crowd 
against  the  outer  edge  of  the  bucket-face,  so  as  to  be  no  longer 
tangent  to  the  curve  at  this  point,  but  rather  to  make  a  wider 
angle  with  the  center-line  AB.  About  all  that  can  safely  be  as- 
sumed from  theoretical  considerations  is  expressed  graphically  by 
the  stream-^lirections  at  entrance  and  exit  as  drawn  in  Fig.  658 II. 
In  this  connection  refer  back  to  the  discussion  in  §  72  (t). 

The  influence  of  the  considerations  just  set  forth  is  seen  in  the 
later  design  of  buckets  for  the  Curtis  turbine,  approximately 
sketched  in  Fig.  658  III.  The  converging  entrance  is  fitted  to  the 
crowding  of  the  steam  against  the  concave  surface;  beyond  the 
narrowest  point  there  is  a  channel  of  decreasing  curvature,  so  that 
the  centrifugal  effect  will  grow  less  toward  exit;  and  the  slightly 
closer  vane-angle  on  this  side  compensates  for  the  tendency  of  the 
jet  to  swing  outward.  Further,  the  buckets  are  all  enclosed  radi- 
ally by  shrouding  the  blades,  or  covering  their  ends,  so  as  to  confine 
the  higher  pressure  produced  by  the  pile-up  in  the  bottom  of  the 
bucket  and  keep  it  in  line  for  the  pr9duction  of  the  escaping  jet. 

Referring  to  Fig.  623  we  see  much  closer  bliades  or  narrower 
channels  than  in  the  single-impulse  turbines  in  Figs.  616,  618,  and 
619,  the  need  for  maintaining  a  fairly  perfect  stream  being  so  much 
greater  when  there  are  several  velocity  stages.  The  opposite  ex- 
treme is  seen  in  the  exceedingly  broad  guide-channels  of  Fig.  627. 
With  narrower  channels,  there  will  be  more  frictional  loss,  because 
of  the  relatively  greater  surface  over  which  the  steam  must  flow. 

(1)  Steam  Friction. — The  idea  naturally  suggests  itself  that 
the  losses  of  mechanical  energy  on  account  of  the  friction  of  steam- 
current  on  confining  surfaces  might  be  calculated  from  area,  pres- 
sure, and  velocity  if  only  the  coefficient  of  friction  were  known — 
following  the  line  of  the  discussion,  in  §  28  (c),  of  flow  in  pipes. 
Such  a  calculation  would  be  greatly  complicated  by  the  rapid 
variations  in  pressure  and  velocity  over  different  parts  of  the  sur- 
face; but  the  great  obstacle  is  the  lack  of  data  as  to  the  relation 
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between  pressure  and  velocity  on  one  hand  and  frictional  resistance 
on  the  other.  It  is  understood  that  the  friction  itself  (force,  not 
coefficient)  varies  almost  directly  as  the  pressure  (or  inversely  as 
the  density)  and  as  the  square  or  some  higher  power  of  the  velocity; 
but  the  numerical  relations  remain  to  be  determined,  and  it  doea 
not  appear  that  their  determination  is  at  all  an  easy  problem.  An 
important  and  apparently  well-established  fact  is  the  marked  in- 
fluence of  superheat  in  diminishing  steam-friction. 

(m)  Rotation  Losses. — Besides  the  friction  of  steam-current 
on  metal,  which  absorbs  a  portion  of  the  kinetic  energy  of  the 
former  before  it  has  a  chance  to  be  effectively  taken  up  by  the  tiu:- 
bine  blades  or  buckets,  there  is  another  friction-action  through 
which  some  of  the  energy  of  the  rotor  is  wasted,  namely,  the 
friction  of  the  rotor-surfaces  upon  the  "dead"  steam  which,  as  an 
atmosphere,  fills  all  the  spaces  outside  of  the  path  of  the  main 
working-current.  This  dead  steam  is  not  quiet,  but  is  in  more  or 
less  violent  churning  or  whirling  movements;  and  it  is  through 
this  useless  motion  that  the  lost  energy  is  changed  back  to  heat 
and  carried  off  in  the  exhaust. 

The  scheme  for  finding  the  amount  of  this  loss  is  to  revolve  the 
rotor,  or  a  part  of  the  rotor,  in  a  steam  atmosphere  like  that  which 
surrounds  it  in  normal  working.  This  is 
likely  to  give  resistances  a  little  too  great, 
for  the  blades  develop  relatively  much 
more  "friction''  than  the  disk-surfaces; 
and  when  the  turbine  is  working  some 
part  of  the  blade-ring  is  always  in  the 
steam-belt,  where  the  active  current 
moves  with  the  blades  and  churning  ac- 
tion does  not  exist.  A  sample  of  the 
results  got  by  this  line  of  experiment  is 
given  in  Fig.  659  (compare  Fig.  692), 
where  the  steam-pressure  about  the 
wheel  of  a  De  Laval  turbine  is  the  base,  and  the  effective  power 
required  to  drive  the  wheel  and  gearing — motor  input  less  elec- 
trical losses — is  the  abscissa.  Lewicki's  tests,  already  referred  to^ 
gave  similar  results. 
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A  lai^e  amount  of  experimetal  data  from  disks  for  turbines  of 
the  Rateau  type  is  presented  in  systematic  shape  by  H.  Holzwarth 
in  9,  paper  published  in  Potuer  for  January,  1907. 

In  estimating  the  mechanical  efficiency  of  the  turbine  in  Table 
75  E,  this  steam-friction  is  not  supposed  to  be  included,  but  is 
rather  to  be  lumped  with  the  other  steam  losses. 

(n)  Leakage. — Every  turbine  with  more  than  one  pressure- 
stage  is  liable  to  steam-leakage — referring  here  to  the  leakage 
from  stage  to  stage.  In  impulse-turbines  of  the  cellular  type  with 
a  series  of  disks  on  the  shaft  and  partition-walls  fitting  closely  to 
this  shaft,  the  opening  for  leakage  is  small — see  Figs.  620,  621,  625, 
etc.  Reaction  turbines  with  drum  rotors,  t}T)ified  by  Fig.  629,  will 
have  much  laiger  aggregate  openings  past  the  ends  of  the  blades, 
even  with  the  smallest  clearances  allowable,  because  the  full  cir- 
cumference is  involved.  As  a  compensation,  it  is  evident  that 
steam  which  leaks  past  the  first  stages  can  yet  do  work  at  the  low- 
pressure  end;  and  where  the  pressures  are  low  and  the  blades  long, 
the  opening  for  leakage  becomes  relatively  very  small. 

The  prevention  of  leakage  is  a  mechanical  problem,  depending 
first  upon  correctness  and  simplicity  in  design  of  rotor  and  casing 
(so  that  change  of  shape  under  heating  will  be  avoided),  and  also 
very  much  influenced  by  accuracy  in  construction.  The  methods 
used  for  reducing  leakage  at  stuffing-boxes,  balance-pistons,  etc., 
are  illustrated  in  §  74  (/). 

As  with  the  engine,  it  is  practically  impossible  to  separate 
leakage-losses  in  the  test  of  a  turbine;  but  it  is  obvious  that  they 
may  rise  to  considerable  magnitude,  accounting  for  quite  a  share 
of  the  difference  betw^een  ideal  and  actual  performance. 

(o)  Side  Clearance. — By  this  is  meant  the  width  of  the  free 
space  between  the  face  of  nozzles  or  distributors  and  the  edges  of 
the  blades  in  a  turbine;  with  the  Riedler-Stumpf  type  of  element 
this  clearance  is  radial.  The  reason  why  small  clearances  have 
been  found  desirable  in  impulse  turbines,  besides  the  liability  to 
entraining  of  the  medium  about  the  working  current,  is  suggested 
by  Fig.  648.  If  the  stream  flows  aroimd  and  along  a  cylinder  in 
a  helical  channel,  it  will  have  a  certain  w^idth;  if  the  guiding  walls, 
still  with  the  same  circumferential  distance  between  them,  are 
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suddenly  made  parallel  to  the  axis  of  the  cylmder  there  will  be 
an  abrupt  and  decided  increase  in  width.  In  other  words,  the 
current  from  an  inclined  nozzle  or  group  of  nozzles  will  tend  to 
swing  into  a  direction  parallel  to  the  axis,  slowing  down  to  fill 
the  wider  cross-section  thus  accommodated;  and  the  need  of  pre- 
venting such  action  is  one  reason  for  running  the  blades  close  to 
the  nozzle-mouths.  In  the  reaction  turbine,  and  on  the  discharge 
side  of  impulse  blades,  the  line  of  flow  is  so  nearly  axial  that  width 
of  clearance  is  of  little  or  no  importance. 

(p)  Analysis  of  Total  Energy-loss. — This  brief  presentation, 
contained  in  Arts,  (c)  to  (o),  is  truly  representative  of  the  genera! 
state  of  knowledge  of  steam-action  within  the  turbine,  in  that  it 
gives  much  more  information  about  the  initial  operation  of  form- 
ing the  jet  than  about  the  behavior  of  the  jet  after  it  gets  to  work. 
The  total  energy-loss  can  be  easily  enough  determined,  and  the 
data  in  Table  75  E  show  that  the  deficiency  in  actual  output  is 
somewhere  near  the  same  as  in  the  engine,  having  a  full  range 
from  30  to  60  per  cent,  and  a  usual  range,  for  ordinary  good  prac- 
tice, from  35  to  45  per  cent.  The  work  of  quantitatively  analyz- 
ing this  loss  has  been  greatly  hampered  by  the  lack  of  some  means 
of  measuring  the  condition,  or  quality,  or  heat-content  of  the 
steam  from  point  to  point  of  its  expansion:  almost  the  only  ex- 
pedient available  has  been  the  measurement  of  pressure  and  a 
rough  inference  therefrom,  after  the  manner  set  forth  in  Art.  (;). 
Improvements  in  steam-calorimetry,  especially  the  electric  calo- 
rimeter perfected  by  Professor  Thomas,  which  can  accurately 
measure  the  quality  of  steam  at  any  pressure,  now  give  promise 
of  a  method  which  shall  serve  the  turbine  as  effectively  as  the 
indicator  has  served  the  engine. 


§  74.  Design  and  Construction  of  the  Turbine. 

(a)  Cross-area  of  the  Steam-channel. — ^In  laying  out  an 
engine  which  shall  develop  a  certain  power,  the  principal  step  is 
to  determine  proper  sizes  for  the  cylinders,  and  the  machine  is 
then  built  up  around  these  volumes.    The  analogous  fundamental 
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determination  in  the. design  of  a  turbine  is  that  of  the  channel 
(through  nozzles  and  buckets)  along  which  the  working  current 
will  flow.  The  essential  requirements  are  that  this  channel  be  of 
the  right  size  to  carry  the  necessary  amoimt  of  steam,  and  that  it 
be  properly  graded  in  sectional  area  so  as  to  permit  and  produce 
correct  expansion  of  the  steam. 

From  the  known  limiting  pressures  p^  and  p,  the  Rankine-cj^de 
work  per  pound  of  steam  can  be  found,  as  by  means  of  Table  XIL 
A  reasonable  value — say  60  per  cent. — for  the  relative  thermody- 
namic efficiency  *  being  assumed,  the  probable  effective  work  per 
pound  becomes  known  and  leads  at  once  to  the  rate  of  flow  re- 
quired. The  initial  nozzles  must  pass  this  steam  with  the  velocity 
due  to  the  pressure-drop  in  the  first  stage — compare  discussion  of 
flow  in  §  73  (c).  The  successive  critical  points  in  the  channel  can 
be  proportioned  with  reference  to  the  initial  section,  the  diagram 
of  steam-expansion  furnishing  the  needed  ratios. 

The  simplest  case  is  the  one-stage  single-impulse  turbme  (De 
Laval  type),  with  but  one  nozzle,  or  group  of  nozzles,  which  can 
be  laid  out  with  sufficient  correctness  by  means  of  the  purely 
theoretical  computations  in  §§24  to  26,  where  the  shape  of  the 
ideal  steam-jet  is  determined. 

Next  in  order  comes  the  many-stage  single-impulse  turbine, 
taken  first  with  uniform  vane-velocity,  or  with  disks  of  the  same 
diameter  in  all  the  stages.  With  stages  of  equal  eneigy-value, 
the  steam  must  reach  the  same  velocity  in  each  set  of  nozzles; 
then  the  areas  of  the  successive  cross-sections  must  increase  just 
as  does  the  specific  volume  of  the  steam  in  the  current.    This  is  1 

illustrated  in  Fig.  660,  where  the  broken  curve  BC  corresponds  * 

with  BiBj . . .  C^  on  Fig.  653,  each  section  of  the  ciu^e  showing 
adiabatic  expansion  in  the  nozzles  of  a  stage,  from  an  initial  state 
determined  by  the  total  supply  of  energy  to  that  stage — this  total 
supply  including  the  waste  in  the  preceding  stage.  If  the  several 
discharge-velocities  are  equal,  it  is  very  evident  that  the  sectional 
areas  must  be  exactly  proportional  to  the  volumes  GiH^,  GjHj,  etc. 

The  statement  just  made  holds  equally  true  for  a  multiple- 

*  See  §  75  (d)  for  precise  definition. 
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impulse  turbine  with  disks  of  uniform  diameter  (Curtis  type),  so 
long  as  we  consider  only  the  initial  action  in  each  stage.  But  when 
there  are  vane-rings  of  differing  diameter  and  velocity,  so  that 
the  later  stj^es  must  transform  larger  quantities  of  energy — ^see 
§  72  (/) — the  relation  of  channel-area  to  specific  volume  will 
change  with  the  vane-speed.  That  is,  as  the  steam-velocity  is 
increased  the  area  needed  for  flow  becomes  relatively  smaller. 

These  laws  govern  the  reaction  turbine  likewise,  both  as  to  the 
relation  between  area  and  specific  volume  and  as  to  the  effect  of 
changes  in  diameter  and  velocity. 


Fig.  660. — Pressure-volume  Diagram  for  a  Multiple-stage  Turbine — 
compare  Fig.  653. 

In  this  elementary  discussion  we  have  passed  over  the  secondary 
actions  which  are  likely  to  modify  the  simple  relations  just  set 
forth,  though  not  to  any  verj'  considerable  degree.  Thus  on  ac- 
count of  greater  losses  by  leakage  and  friction  at  high  pressure,  it 
may  be  desirable  to  give  the  higher  stages  a  little  more  than  their 
true  proportion  of  ideally  available  energy — in  other  words,  to  use 
higher  jet-velocity  in  the  upper  stages,  in  comparison  with  the 
vane-velocity,  than  in  the  lower  stages.  In  the  Parsons  turbine, 
on  the  other  hand,  it  is  usual  to  have  nearly  or  quite  the  same 
effective  area  through  all  the  vane-rings  of  a  given  size  and  depth 
(see  Fig.  629);  then  within  the  group  the  manner  of  pressure-drop 
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will  be  such  that  the  earlier  stages  will  have  a  smaller  energy-value 
than  those  toward  the  end. 

The  calculations  for  a  diagram  like  Fig.  660  are  rather  com- 
plicated, becoming  quite  laborious  wuth  a  large  number  of  stages. 
They  can  be  greatly  simplified,  however,  by  graphical  methods  in 
the  entropy-temperature  system.  For  these  the  reader  is  referred 
to  more  advanced  works  dealing  with  the  thermodynamics  of  the 
turbine;  but  we  have  here  added,  as  further  illustrating  general 
relations,  the  curve  of  constant  steam-heat,  BF.  This  represents 
what  would  take  place  if,  in  the  free  expansion  of  the  steam,  there 
were  no  effective  abstraction  of  mechanical  energy — a  condition 
realized  in  a  gradual  or  progressive  throttling-action,  where  the 
energy  of  the  jet  is  used  up  against  friction  as  fast  as  it  is  developed. 
This  curve  of  zero-efficiency  is  one  limit;  the  other  is  the  adiabatic 
BD,  which  implies  the  full  abstraction  of  the  available  energy; 
and  the  actual  curve  of  steam-condition,  BC,  lies  between  them. 
It  is  to  be  noted  that  BF  runs  out  into  the  area  of  superheat,  the 
saturation-curve  from  B  coming  to  S.  Superheat  by  "  ^.ire-drawing  " 
has  already  been  described  in  §  28  (6)  and  §  31  (k).  Further,  as 
just  remarked,  all  these  matters  can  be  much  more  effectively 
represented  and  discussed  by  the  entropy-temperature  than  by  the 
pressure-volume  method. 

Some  discussion  of  the  action  of  the  governor,  which  varies  the 
supply  of  steam  and  thus  the  manner  of  pressure-variation  through- 
out the  turbine  will  be  found  in  Art.  (k), 

(b)  Channel-variation  Within  the  Multiple-impulse  Stage. 
— ^What  we  have  so  far  considered  is  after  all  nothing  but  a  simple 
nozzle-problem,  or  a  question  of  the  flow  of  steam  through  orifices. 
To  get  a  clear  idea  of  what  happens  when  there  are  several  velocit}'-- 
stages,  or  several  rows  of  moving  vanes  and  fixed  guides  in  front  of 
the  nozzles,  is  a  more  difficult  matter.  It  has  already  been  pointed 
out  in  §  72  (i)  that  if  the  steam-velocity  changes  only  by  the  com- 
bination of  the  vane-velocity  with  it — as  in  the  various  diagrams 
of  §  72 — the  change  in  obliquity  of  vane-edges  fitted  to  the  veloci- 
ties of  entrance  and  exit  will  give  the  needed  variation  of  area — 
compare  Fig.  623.  But  because  of  the  losses  of  energy  and  velocity 
on  account  of  friction,  shocks,  and  eddies,  it  has  been  found  neces- 
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sary  to  use  increasing  radial  depths,  as  shown  in  Fig,  621  i  If  this 
is  not  done,  the  current  will  tend  to  "back  up"  in  the  channel,  so 
that  there  will  be  a  dropping  pressure  from  nozzle  to  final  exit, 
except  as  such  an  action  is  obviated  through  the  sidewise  diffusion 
of  the  current  which  may  easily  take  place  when  there  is  partial 
peripheral  admission;  but  any  great  amount  of  this  spreading 
out  into  the  dead  spaces  is  bound  to  cause  excessive  eddy-losses. 

(c)  The  Rotor  of  the  turbine  must  have  the  proper  form  to 
carry  the  blades  and  the  needed  strength  to  resist  the  forces  which 
come  upon  it,  and  must  be  as  nearly  as  possible  in  centrifugal 
balance,  so  that  its  rapid  spinning  will  not  cause  vibrations.  T3T)ical 
forms  of  rotor  have  been  illustrated  in  §  71,  and  the  matter  of 
blade-fastening  will  be  taken  up  presently.  As  to  strength,  the 
major  stress  is  generally  due  to  centrifugal  force,  although  resist- 
ance to  flexure  by  weight  may  become  of  first-rate  importance  in  a 
long  horizontal  turbine.  The  tangential  driving  forces,  due  to  the 
steam,  are  relatively  insignificant. 

High-speed  turbines  have  rotors  of  disk  form,  which  resist  cen- 
trifugal force  in  a  manner  quite  different  from  that  of  the  thin  ring, 
which  has  been  discussed  under  fly-wheels, 
in  §  36  (t).  Without  going  into  the  com- 
plicated mathematics  of  the  subject,  we  can 
get  an  idea  of  the  conditions  in  a  disk  by 
considering  Fig.  661.  Suppose  that  a  tri- 
angular element  is  cut  loose  along  OA  and 
OB,  and  moved  outward  in  the  direction 
OH,  then  all  points  on  the  radial  edges  OA 
and  OB  will  have  the  same  displacement 
from  their  original  positions,  but  the  dis-  Fig.  661.— Diagram  to 
placement  at  C,  for  instance,  will  bear  a  Dlsk."^*  ^^  ^ 
much  higher  ratio  to  the  arc  CD  than  will 
that  at  A  to  the  arc  AB.  With  this  simple  geometrical  illustration 
of  the  fact  that  a  certain  radial  distortion  (absolute,  not  relative) 
will  have  a  much  greater  effect  near  the  center  than  near  the  rim, 
we  can  easily  see  the  reason  for  the  following  well-established  facts: 

Radial  tension  plays  a  very  laige  part  in  resisting  centrifugal 
V)rce,  acting  to  help  the  circumferential  or  ring  tension. 
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The  inner  ring-elements  of  the  disk  are  subject  to  very  little 
centrifugal  force;  but  the  tendency  of  the  triangular  element  to 
move  bodily  outward  may  and  does  cause 
higher  stresses  toward  the  center.  In  other 
words,  an  elastic  enlargement  of  the  rim 
corresponding  to  only  a  moderate  circum- 
ferential stress  would,  if  there  were  no  radial 
elasticity,  produce  a  destructive  stress  at  the 
center.  For  uniformity  of  stress  there  must 
be  radial  stretch  in  coexistence  with  circum- 
ferential stretch  of  the  inner  rings. 

To  get  uniform  stress,  the  disk  must  be 
thicker  near  the  middle  than  at  the  rim — 
this  needs  the  mathematical  proof,  however. 

If  the  disk  has  a  central  hole  there  will  be 
higher  stress  at  the  edge  of  the  hole  than  at 
the  rim. 

These  principles  find  their  fullest  illustra- 
FiG.    662.— Sections  of  tion  in  the  De  Laval  wheel.     Note  the  long 

R^to^o7  W?r%uJ:  ^"b  ^^  *^^  ^"^^"  ^^^^  ^f  ^^S.  617,  put  on 
bines;   II.  Detail  of  partly  to  compensate  for  the  weakening  effect 
Shaft-fastening  in  Fig.  ^f  ^he  hole.     Larger  wheels  are  made  in  the 
form  sketched  in  Fig.  662  I. 
The  drum-rotor  of  the  Parsons  t3T)e  of  turbine  resists  its  rela- 
tively much  lower  centrifugal  force  mostly  by  ring-stress.     These 
hollow  rotors  can  be  more  accurately  balanced  when  of  built-up 
construction  than  when  cast  in  one  piece,  as  in  Fig.  630. 

{d)  Balanctng  the  Rotor. — The  problem  of  bringmg  the 
center  of  mass  to  the  rotation-axis  is  first  one  of  getting  the  most 
perfect  geometrical  symmetry  that  is  attainable  with  machine-tool 
appliances,  and  then  of  trying  for  and  correcting  the  residual  eccen- 
tricity by  special  experiment.  To  overcome  the  effect  of  the  lack 
of  absolute  perfection,  and  to  avoid  the  need  of  very  precise  and 
expensive  work  in  balancing,.  De  Laval  devised  his  flexible  shaft, 
of  which  the  action  depends  upon  the  following  principles: 

If  an  eccentric  mass  is  attached  to  a  rotating  shaft,  and  the 
whole  mass  be  thought  of  as  concentrated  at  its  center  of  gravity, 
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then  the  centrifugal  force  of  this  ''particle"  will  act  radially  out- 
ward, tending  to  deflect  the  shaft  in  its  own  direction,  and  produc- 
ing a  pressure  of  shaft  on  bearings  which  constantly  changes  in 
absolute  direction.  This  condition  has  been  extensively  discussed 
under  Shaking-force  and  Counterbalance  in  §  40. 

But  when  we  consider  the  mass  in  its  actual  distributed  state, 
there  comes  in  another  action  which  reaches  considerable  magni- 
tude only  at  very  high  speeds.  A  spinning  disk  tends  to  get  into 
the  simple,  stable  state  of  rotation  about  its  own  center  of  mass — 
this  tendency  being  closely  analogous  to  that  of  the  same  disk  to 
preserve  one  fixed  plane  of  rotation,  or  to  what  is  called  gyroscope- 
action. 

In  the  case  of  any  nearly  balanced  rotating  body,  as  the  speed 
increases  the  eccentricity  effect  at  first  increases  very  rapidly,  to 
a  maximum  at  what  is  called  the  critical  speed;  then  the  other 
tendency  predominates,  and  if  the  shaft  is  flexible  or  the  bearings 
a  little  loose,  the  body  will  spin  quietly  on  its  true  axis  of  symmetry. 

At  the  speeds  usual  in  large  multiple-stage  turbines,  the  degree 
of  precision  reached  with  good  machine-shop  work  gives  a  sufli- 
ciently  accurate  balancing  for  practical  freedom  from  vibration. 

(e)  Bearings  for  Turbines. — In  the  characteristics  of  high 
speed  but  of  a  generally  imif  orm  load  to  be  supported,  the  tiu-bine 
is  imder  conditions  which  belong  rather  to  the  electric  generator 
than  to  the  steam-engine,  and  the  design  of  this  part  follows  the 
lines  of  the  former  machine.  At  very  high  velocity,  true  align- 
ment and  geometrical  perfection  of  the  rubbing  surfaces  are  of  the 
first  importance,  as  insuring  a  uniform  distribution  of  pressure; 
and  with  these  there  must  go  ample  lubrication,  supplied  by  an 
oil-pump  system.  In  turbines  of  any  size  the  bearing-shell  proper 
is  solidly  held  in  the  framework  of  the  machine,  but  has  usually 
a  spherical  seating  to  permit  self-alignment  with  the  axis-direction. 
The  bearing  on  the  inner  side  of  the  De  Laval  wheel — ^see  Figs.  617 
and  6641. — is  free  to  move  sidewise  also;  but  a  closer  examination 
shows  that  this  is  not  a  bearing  at  all,  in  the  sense  of  supporting 
the  shaft,  but  serves  rather  as  a  stufiing-box.  The  pivot-bearing 
of  the  Curtis  turbine  is  in  many  respects  a  special  case,  but  it  has 
been  fully  enough  described  in  §  71  (g). 
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The  design  illustrated  in  Fig.  663  has  several  special  features. 
It  represents  the  smaller  and  quicker-running  Parsons  turbines, 
where  some  flexibility  is  secured  by  placing  three  thin  cylinders 
between  the  inner  and  outer  shells  of  the  bearing;  these  are  not 
tightly  fitted,  and  the  oil-films  which  form  between  them  have  a 
cushioning  effect.  The  collar-bearing  holds  the  rotor  against  end- 
wise motion,  with  the  particular  purpose  of  preventing  side-con- 
tact and  rubbing  in  the  groove  or  labyrinth  packing  of  the  balance- 
pistons.  The  upper  and  lower  halves  4  and  5  are  separate,  and 
are  adjusted  in  opposite  directions  by  micrometer  set-screws  on 
the  lines  S,  S.    The  worm  at  the  right  drives  a  cross-spindle. 


Fig.  663. — Bearing  at  Governor  End  of  Westinghouse-Parsons  Turbine — ^at 
Right-hand  End  of  Fig.  629. 


which  carries  a  bevel-gear  for  the  vertical  governor,  a  small  eccen- 
tric for  the  admission-valve  mechanism  (shown  in  Fig.  677),  and 
a  crank  to  drive  the  oil-pump. 

(/)  Stuffing-boxes. — This  name,  derived  from  the  engine  and 
implying  close  contact  and  pressure  of  the  packing  upon  the  rod 
or  spindle,  is  applicable  to  the  corresponding  part  of  the  turbine 
as  describing  the  function  of  preventing  leakage  rather  than  the 
manner  of  performing  that  function.  Actual  contact  is  used  in  a 
few  cases;  but  the  more  generally  accepted  scheme  is  based  on  the 
idea  of  avoiding  the  contact  of  rapidly  moving  surfaces,  while  yet 
allowing  but  a  very  narrow  (and  frequently  a  very  crooked)  pas- 
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sai^e  for  the  flow  t)f  steam.  A  number  of  special  devices  and 
methods  are  used,  as  will  be  made  clear  by  the  examples  collected 
in  Fig.  664. 

Plain  contact-rings  are  seen  in  Fig.  621;  these  rings  are  made 
of  carbon,  are  held  in  place  by  brass  skeleton-frames,  are  pressed 
inward  by  light  helical  tension  springs,  and  bear  upon  a  brass 
bushing  on  the  spindle.  Referring  to  Fig.  653,  which  shows  typ- 
ical conditions  for  a  Curtis  turbine,  we  see  that  this  packing  will 
have  to  retain  a  pressure  of  something  like  45  lbs.  above  atmos- 
phere; and  with  the  multiple  effect  of  a  series  of  rings,  leakage  can 
be  prevented  with  only  a  comparatively  small  contact-pressure. 
Another  example  of  simple  contact  is  given  in  Fig.  664 1.,  where 
air  must  be  kept  out  when  the  turbine  is  running  on  vacuum.  A 
passage  can  be  opened  only  by  the  forcing  out  of  the  film  of  oil 
between  joiunal  and  bearing,  which  would  require  more  than  a 
pressure  of  12  or  13  lbs,  per  sq.  in.  There  will  evidently  be,  how- 
ever, some  tendency  for  the  oil  to  work  gradually  into  the  steam- 
space. 

The  essential  feature  of  the  scheme  shown  at  II.  and  III,  in 
Fig.  664  is  the  annular  space  S^,  kept  filled  with  steam  of  nearly 
atmospheric  pressm-e  by  means  of  a  reducing-valve  from  the 
steam-supply  and  a  relief-valve  to  the  condenser.  There  will  be 
a  gradual  flow  through  the  very  narrow  passage  permitted  by  the 
sleeve  at  B,  outward  to  Sj  at  the  high-pressure  end,  inward  from 
Si  at  the  low-pressure  end  of  the  turbine — all  the  "stuflang-boxes" 
being  piped  to  form  a  common  system.  In  effect,  the  turbine  is 
surroimded  by  an  atmosphere  of  steam  at  the  points  where  leakage 
can  occur;  and  then  this  steam-atmosphere  is  shut  off  from  the  air 
by  lightly  fitting  segmental  contact-rings,  tied  together  by  helical 
band-springs  and  pressed  inward  axially  by  compression  springs 
which  exert  the  force  marked  F.  Oil  is  supplied  at  L.  The  design 
at  III.  adds  labyrinth  packing,  both  in  the  stuflSng-boxes  and 
between  the  wheel-chambers — compare  Fig.  620. 

A  different  idea  is  shown  in  Fig.  664 IV.,  which  is  used  to  pre- 
vent the  leakage  of  air  into  a  steam-vacuum.  There  is,  of  coiu-se,  a 
fairly  close  running  fit  between  the  bushing  B  and  the  rings  C,  C; 
but  the  passage  is  closed  or  sealed  by  water  in  the  annular  space 
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about  the  collar  D:  this  water  has  a  dynamic  pressure,  acting 
radially  outward,  and  produced  by  little  vanes  on  the  sides  of  D, 
which  are  formed  like  those  on  the  "impeller"  of  a  centrifugal 
pump.  This  arrangement  has  the  further  advantage  that  by  cir- 
culating the  water  the  stu£Sng-box  is  kept  cooL 


Fig.  664. — Packing  Devices  for  Turbines:  I.  De  Laval,  from  Fig.  617;  II. 
Rateau,  as  in  Fie.  620:  III.  Oerlikon-Rateau,  late  design;  IV.  Parsons, 
from  Fig.  629;   V.  Sulzer,  Fig.  630;  VI.,  VII.  Two  types  of  Labyrinth 


In  V.  the  last  two  ideas  are  combined,  together  with  a  special 
form  of  labyrinth  packing,  made  of  thin  brass  plates.  These  plates 
or  washers,  only  about  .005"  thick  and  separated  by  narrow  rings 
of  thicker  plate,  are  bent  or  flanged  where  they  touch  the  shaft, 
as  shown  by  the  enlarged  detail  below  the  main  sectional  view. 

Labyrinth  Packing, — ^This  device,  having  its  most  important 
application  in  the  prevention  of  internal  leakage,  takes  the  two 
typical  forms  shown  at  VI.  and  VII.  in  Fig.  664.    The  first  merely 
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provides  a  tortuous  passage  for  the  steam,  of  nearly  uniform  cross- 
sectional  area;  the  second  and  more  e£fective  form  adds  the  further 
retarding  influence  of  abrupt  changes  in  the  area  of  the  channel. 
The  "comb"  type  in  V.  has  the  advantage  that  it  fits  a  plain 
cylindrical  bushing  on  the  shaft,  but  looks  as  if  it  might  degen- 
erate, in  service,  into  something  not  much  better  than  the  plain 
sleeve  in  II. 

ig)  Nozzles  and  Distributors. — As  regards  the  construction 
of  these  parts,  one  typical  method  is  represented  by  the  De  Laval 
nozzle,  which  has  the  form 
given  it  by  the  operations  of 
turning,  drilling,  and  reaming. 
It  is  held  in  plate  by  friction 
(plus  the  steam-pressure)  and 
can  be  pulled  out  by  means  of  F^«-  ^^^  ^  vLlve."^^' ^'^^  ^^''*" 
a  withdrawing  tool  that  screws 

over  the  inner  end.  The  Riedler-Stumpf  nozzles  are  likewise  made 
singly,  but  after  machining  are  pressed  to,  a  rectangular  shape 
toward  the  mouth,  and  may  also  be  bent  to  fit  certain  holding 
devices,  as  in  Fig.  624  V. 

The  high-pressure  nozzles  of  the  Curtis  turbine,  with  the  profile 
in  Fig.  623,  are  formed  in  the  casting  by  means  of  cores,  then  filed 


.^^k^  ^\- 


Fig.  666.— Built-up  Nozzles.     I.  Zoelly  Design,  Fig.  619; 
II.  Type  of  Sulzer,  Union,  Elektra,  etc. 


out  smooth;  they  are  roimd  in  the  throat,  changing  to  a  rectan- 
gular section  toward  the  mouth.  The  low-pressure  distributors, 
shaped  like  those  in  Fig.  618,  are  made  of  pieces  of  ordinary  soft 
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sheet-steel,  which  are  set  in  the  cores  and  cast  right  into  the  dia- 
phragms. For  the  last  stage  in  Fig.  621  the  nozzle-ring  is  of  full 
circumference,  and  the  cross-struts  are  raised  above  the  nozzle- 
plates. 

A  more  expensive  but  more  precise  method  of  construction  for 
distributors  of  the  curved-plate  type  is  shown  in  Fig.  666  I.  In- 
clined slots  are  milled  (sawed)  in  the  rim  of  the  diaphragm-wheel 
and  the  edge  of  the  cover-ring,  and  the  straight  part  of  the  division- 
plate  has  projections  which  go  into  these  slots  and  are  held  by  light 
retaining-rings.  On  the  cross-struts  are  short  tenons  to  resist  the 
steam  pressure-difference  on  the  diaphragm.  The  analogous  con- 
struction of  nozzles  for  large  pressure-drop  is  indicated  at  II.;  the 
partition-pieces  are  fastened  between  cylindrical  surfaces  in  an 
axial-flow  turbine,  between  plane  surfaces  when  the  admission  is 
radial. 

(h)  Vanes  or  Blades. — ^There  is  a  wide  variety  in  the  form  of 
these  essential  working  parts,  and  a  few  typical  examples  will  now 

be  given.  The  De  Laval  buckets. 
Fig.  667,  are  drop-forged  from  fairly 
hard  steel  and  machined  on  the  con- 
tact surfaces,  their  small  number 
permitting  this  rather  expensive 
method.  The  steam-surfaces  are  left 
with  the  forge-finish,  except  that  the 
entrance  edges  are  ground  sharp.  A 
dovetail  fastening  is  used  to  resist 
the  very  high  centrifugal  force  on 
the  blade,  and  the  form  is  such  that 
any  single  blade  can  be  removed 
without  disturbing  the  others.  To  minimize  the  possible  damage 
from  a  bursting  wheel,  the  disk  is  cut  thin  just  inside  the  rim,  with 
the  idea  that  the  latter  will  fly  off  in  small  pieces  before  the  whole 
wheel  will  burst  from  overspeeding. 

Two  other  designs  using  the  dovetail  fastening,  but  intended  for 
force-conditions  (due  to  speed)  less  severe  than  those  in  the  De 
Laval  turbine,  are  shown  in  Figs.  668  and  669.  Here  the  blades 
are  made  from  drawn  and  polished  bars  of  high-nickel  steel,  and 


Fig.  667.— De  Laval  Turbiae- 
blade. 
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the  most  important  difference  between  the  two  schemes  is  seen  in 
the  method  of  spacing  the  blades.    Distance-blocks,  cut  from  a 


Fig.  668.— Zoelly  Blading. 


Fig.  669.— Sulzer  Blading. 


properly-shaped  bar  and  machined  with  the  blades  so  as  to  fit  the 

dovetail  slot,  are  used  in  the  first  case.     In  the  second  there  is  a 

spacing-ring,   shown  especially   at   B: 

the  roots  of  the  blades  are  hot-pressed 

and  flattened,  as  best  made  evident  at 

A,  and  will  then  slip  into  sawed  slots 

in  the  ring  3. 

The  use  of  blades  formed  from 
rolled  plate  by  bending  and  pressing  is 
seen  in  Fig.  670,  together  with  the  free 
use  of  rivet-fastening,  and  with  a 
shroud-ring  to  cover  the  outer  ends  of 
the  blades,  spacing  and  steadying  them. 
Essentially  the  same  construction  is  used  also  for  the  distributors 
of  the  Rateau  turbine. 

In  some  designs  of  the  Curtis  turbine  the  blades  are  cut  from 
the  solid  metal  of  the  wheel,  as  shown  at  I.  in  Fig.  671.  The  cutting- 
tool  travels  on  a  circular  path,  the  tool-bar  either  turning  continu- 
ally or  having  a  back  and  forth  rotation;  in  either  case,  this  bar 
must  be  drawn  backward  in  the  direction  of  its  axis  during  the  idle 
part  of  the  movement,  so  that  the  tool  will  clear,  then  advanced  for 
the  cutting-stroke.  This  method  does  not,  however,  give  a  very 
effective  profile  to  the  vanes,  as  can  be  seen  by  comparison  with 
Fig.  649.     It  is  much  more  usual  to  make  the  blades  from  metal 


670.— Rateau  Blading. 
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bar  of  proper  shape,  and  two  schemes  for  holding  them  are  sketched 
at  II.  and  III.  In  the  first  case  the  blades  are  cast  into  the  segment 
of  base-ring,  being  held  in  a  core-sand  facing  which  forms  one  side  of 
the  mold;  they  are  made  of  a  brass  composition  ^oft  enough  to  fuse 
into  solid  imion  with  the  ring.  Sketch  III.  shows  a  simple  dove- 
tail fastening,  with  distance-blocks  as  in  Fig.  668,  and  very  easy  to 
apply  when  the  holding-rings  are  made  in  a  number  of  short  seg- 
ments, as  is  the  usual  practice. 

The  method  which  has  been  most  used  for  holding  the  blades  of 
the  Parsons  turbine  is  sketched  in  Fig.  672.  The  blades  are  cut  to 
length  and  simply  set  into  the  grooves,  with  distance-blocks  of 
proper  profile  between  them.    These  blocks  have  parallel  sides 


Fig.  671.— Curtis  Blading. 

(vertically),  but  are  made  of  a  soft  metal;  and  after  a  whole  ring 
has  been  filled,  the  blocks  are  calked,  by  means  of  a  tool  which 
reaches  down  between  the  blades,  and  are  thus  pressed  out,  more 
or  less  perfectly,  into  the  dovetail  slot.  To  give  a  better  grip  on 
the  blade,  a  couple  of  notches  are  made  in  the  back  of  it,  into  which 
the  metal  of  the  block  will  be  forced.  The  blades  in  the  casing  are 
held  in  the  same  way,  except  that  plain  slots  are  used,  not  dove- 
tailed. The  ends  of  the  blades  are  left  free,  but  the  very  long 
blades  of  the  low-pressure  stages  must  be  braced  against  the  ten- 
dency to  get  into  vibration.  One  scheme  is  to  cut  a  slot  in  the 
entrance  sides  and  solder  in  a  wire  ring,  as  at  A  in  Fig.  672:  to 
obviate  undesirable  effects  of  expansion  this  ring  will  be  made  in 
several  separate  segments,  instead  of  being  continuous  all  the  way 
around. 

The  scheme  shown  in  Fig.  673,  used  in  this  country  by  the 
Allis-Chalmers  Company,  has  a  spacing  and  holding  ring,  with  slots 
of  special  form  into  which  the  ends  of  the  blades  fit:  these  ends  are 
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pressed  into  dovetail  form,  so  that  the  blades  are  securely  held.  A 
narrow  locking-ring  presses  the  main  ring  into  the  dovetail;  and 
on  the  rotor  R  this  extra  ring  is  calked  into  a  little  side  groove. 
The  shroud-ring,  of  channel-bar  section,  holds  the  blade-ends 
securely,  and  can  be  accurately  turned  off,  so  as  to  make  the 
running-fit  imiform  and  as  close  as  is  permissible,  this  minimizing 
leakage. 

(t)  Wear  on  Vanes. — ^The  blading  is  the  weak  point  in  a  tur- 
bine, because  it  is  the  part  most  liable  to  rapid  wear  and  deterior- 
ation. A  steam-jet  of  very  high  velocity  exerts  considerable 
erosive  action,  greater  if  the  steam  is  wet  than  if  superheated,  and 
especially  aggravated  when  particles  of  solid  matter  are  present, 
as  when  boilers  prime  on  dirty  water.     Precise  information  along 


Mn 


W:C    _ 


■1i  :? 


"Mr 


n^ 


Fig.  672.— The  Standard  Persons 
Blading. 


Fig.  673.— Willans-Robinson   Blad- 
ing for  Parsons  Turbines. 


this  line  is  rather  scarce,  and  it  remains  to  be  seen  how  these  work- 
ing-parts of  the  turbine  will  compare  in  durability  with  the  cylinder- 
and  valve-surfaces  which  occupy  a  similar  position  in  the  economy 
of  the  engine.  The  inherent  probability  and  the  weight  of  exper- 
ience over  the  short  period  during  which  turbines  have  been  in  use 
seem  to  be  in  favor  of  the  engine. 

The  materials  used  for  blades  or  vanes  range  from  various 
brass  or  bronze  compositions,  through  common  low-carbon  steel, 
to  a  nickel-steel  with  so  high  a  proportion  of  nickel  that  it  will  be 
practically  rustless.  The  Parsons  type  with  its  tremendous  num- 
ber of  blades  calls  for  material  that  can  be  easily  worked,  and 
wilh  its  low  steam-velocity  permits  a  comparatively  soft  material. 
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The  blade-bars,  of  a  suitable  alloy  (yellow  metal),  are  generally 
made  by  the  "extrudmg"  process,  semi-fluid  metal  being  forced 
out  through  a  die  and  cooled  to  a  solid  as  it  issues — after  the 
manner  long  used  in  the  manufacture  of  lead  pipe.  The  turbines 
with  fewer  blades  and  higher  velocities  require  harder  materials, 
but  can  stand  a  higher  cost  per  unit  part. 

0)  Governors  and  Controlling-valves. — For  the  first  ex- 
ample under  this  heading  we  will  consider  the  apparatus  belonging 


Mi^^,S^ 


,Fio.  674. — De  Laval  Governor  and  Vacuum-breaker. 


to  the  De  Laval  turbine,  illustrated  in  Figs.  674  and  675.  An 
external  view  of  the  governor  appears  at  H  in  Fig.  617,  which 
shows  how  it  is  carried  on  the  end  of  the  power-shaft.  The  cen- 
trifugal weights,  hollow  semi-cylinders  in  form  and  marked  B,  B, 
on  Fig.  674,  have  knife-edge  bearings  at  A,  A,  in  the  shell  C  As 
the  weights  swing  out,  they  push  the  block  D  to  the  right  against 
the  spring,  the  fixed  abutment  I  for  the  latter  being  screwed  into 
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the  outer  end  of  C.    In  normal  running  the  spindle  G  moves  the 

lever  L,  against  the  light  spring  at  N,  and  thus  raises  and  lowers 

the  double-disk  throttle-valve  shown 

in  Fig.  675.    Since  the  valve  may 

not  be  tight  even  when  down  on  its 

seat,  additional  security  against  a 

runaway    is    provided    for    in    the 

vacuum-breaker.    At   an  excessive 

speed  the  spindle  G  can  move  H  in 

the  lever  L,  compressing  the  spring 

M  until  D  pushes  J  inward;    this 

opens  the  valve  at  T,  admitting  air 

to  the  exhaust-chamber,  and  thus 

checking  the  wheel  by  friction. 

The  scheme  of  hand-regulation, 
wtereby  the  number  of  nozzles  in 
service  is  accommodated  to  the  load, 
has  been  described  in  §  71  (c),  under 
Fig.  617;  and  a  self-acting  nozzle- 
valve  of  recent  introduction  is  given 
in  Fig.  679. 

The  Parsons  Valve  and  Governor. — Fig.  676  shows  the  detail  of 
the  main  controlling-valve  of  the  Westinghouse-Parsons  turbine, 
corresponding  with  V^  in  Fig.  629.  This  valve  is  not  held  fast  by 
the  governor  at  the  particular  height  which  will  make  the  opening 
just  large  enough,  but  is  given  a  continuous  oscillating  movement, 
so  as  to  admit  the  steam  in  puffs.  The  governor  mechanism,  out- 
lined in  Fig.  677,  moves  the  little  pilot-valve  F,  which  opens  and 
closes  the  exhaust-port  E.  When  E  is  closed,  steam  coming 
through  A  lifts  the  piston  C,  opening  the  valve;  when  E  is  open 
the  steam  escapes  from  the  cylinder  more  rapidly  than  it  can  get 
past  the  adjusting  valve  B,  and  the  spring  H  pushes  the  valve 
down.  Piston  G  has  a  dash-pot  action,  while  lever  K  is  for  open- 
ing the  valve  by  hand,  so  as  to  prevent  sticking  fast  when  the  tur- 
bine is  standing  idle.  Under  light  load  the  valve  V^  is  shut  during 
the  greater  part  of  the  oscillation-period;  with  heavy  load  the 
otfcillation  may  entirely  disappear  because  valve  F  will  not  open 


Fig 


675. — De  Laval  Governor- 
valve. 
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port  E  at  all.    The  steam  passing  through  this  controlling  system 
need  not  be  wasted;  but  can  be  returned  to  the  turbine  at  a 


Fig.  676. — Parsons  Admission-valve  and  Controlling-mechanism. 
Compare  Fig.  629. 

lower-pressure    point.      The    by-pass    valve    for    overload,   V, 
on  Fig.  629,    is  actuated  by  steam   in  the  same   manner,  but 
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its    pilot-valve    is    given   only  a  simple   displacement,  without 
oscillation. 

The  governor-mechanism  is  sketched  in  Fig.  677.  The  eccen- 
trie  E  is  on  the  same  spindle  with  the  wheel  driven  by  the  worm 
shown  in  Fig.  663,  and  the  lever  1  is  oscillated  once  to  every  so 
many  revolutions,  say  5  or  6,  of  the  rotor.  The  governor  being 
at  one  end  of  the  machine,  piece  3  takes  the  form  of  a  long  rod  or 
shaft,  with  arms  keyed  to  it.  The  function  of  the  governor  is 
simply  to  raise  and  lower  the  fulcrum  A. 


Fig.  677. — Outline  of  Governor  and  Valve-gear,  Westinghouse-Parsons 

Turbine. 


This  same  scheme,  with  variations  in  mechanical  detail  only, 
is  used  on  the  various  makes  of  Parsons  turbines,  and  has  been 
adopted  by  Sulzer  Bros,  also,  according  to  Stodola.  Other  inven- 
tors, as  Rateau  and  Zoelly,  have  used  plain  throttling.  It  does  not 
appear  that  puff  admission  has  any  very  great  advantage  over 
steady  throttling.  Of  course,  most  of  the  steam  goes  through  when 
the  pressure  is  high,  and  works  therefore  under  the  conditions 
favorable  to  good  performance;  but  to  neutralize  this  there  are 
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alternate  accelerations  and  retardations  of  the  whole  steam- 
current  which  must  be  harmful.  No  statements  or  diagrams 
have  been  published  as  to  whether  and  in  what  degree  these 
pulsations  extend  through  the  turbine  to  the  low-pressure 
stages.  One  merit  of  this  scheme  is  that  the  valve  is  never 
likely  to  stick  fast  so  that  the  governor  will  lose  control  of  the 
turbine. 

The  Curtis  Admission-valve. — As  stated  in  the  general  descrip- 
tion, §  71  (^),  the  Curtis  turbine  is  controlled  by  the  opening  of 

more  or  fewer  of  the  nozzle-valves. 
The  scheme  used  on  the  ma- 
chine in  Fig.  621  is  shown  in  Fig. 
678  I.  The  governor  operates  a 
hydraulic  cylinder  which  is  essen- 
tially equivalent  to  the  device  in 
Fig.  562,  self-centering-valve  and 


Fig.  678. — Nozzle-valves  for  the 
Curtis  Turbine. 


all,  but  with  the  piston  moving. 
From  the  cross-head  comes  the 
rod  H,  which  turns  the  cam-shaft 
B;  and  the  cams  along  this  shaft, 
one  to  a  valve,  are  set  in  series, 
each  a  little  later  than  the  pre- 
ceding one,  or  a  certain  number 
of  degrees  behind  it.  Under  any 
particular  load  there  will  be  a 
number  of  valves  wide  open,  one  partly  open,  the  rest  closed;  the 
single  valve  that  is  just  in  the  act  of  openine:  for  any  position  of  the 
cam-shaft  gives  the  close  gradation  of  power. 

In  most  Curtis  turbines,  however,  steam-actuated  valves  have 
been  used,  according  to  the  scheme  at  II.  in  Fig.  678.  The  gover- 
nor moves  a  series  of  small  pilot-valves,  one  of  which  determines 
^vhether  steam  of  full  pressure  shall  be  admitted  above  the  piston 
P  or  whether  this  space  shall  be  opened  to  exhaust.  In  the  latter 
case  the  valve  will  be  lifted,  because  the  piston  is  larger  in  diam- 
eter than  the  valve-disk.  The  pilot-valves  are  generally  moved  by 
a  cam-shaft  like  that  here  used  for  the  main  valves;  and  magnet- 
lifts  have  also  been  employed. 
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Self-acting  Valves, — In  Figs.  679  and  680  are  given  a  couple 
of  examples  of  valves  operated  by  pressure-differences  which  arise 
within  the  turbine.  Fig.  679  is  a  recently 
adopted  scheme  for  the  De  Laval  turbine. 
With  full  pressure  in  the  valve-chamber,  the  ^^1 
grooved  plunger  is  pushed  to  the  left  against  | 
the  spring;  but  when  the  governor  throttles 
the  steam,  the-  sprin:5-force  predominates  and 
closes  the  valve.  The  inter-stage  valve  in 
Fio.  680  has  already  been  explained,  as  to 
purpose  and  action,  under  Fig.  621. 

(A;)  Effect  of  Governor-action. — There 
are  two  typical  methods  of  governing  the  tur- 


CO 


Fig.  679. — Self-acting  Nozzle-valve  for  De  Laval 
Turbine. 


Fig.  680.— Automatic 
By-pass  Valve  for 
Curtis  Turbine;  en- 
larged from  h  ig. 
621. 


bine,  the  first  by  throttling  (with  pufl-admission  as  a  special 
phase),  the  second  by  varying  the  number  of  nozzles  open  to 
steam.  The  question  presents  itself.  What  is  the  effect  of  a 
change  from  normal  load,  and  is  the  effect  different  under  these 
two  schemes?  As  characteristic  of  normal-load  running,  we 
assume  that  in  all  the  stages  the  steam-velocity  bears  the  same 
ratio  to  the  vane-speed,  according  to  §  72  (/),  and  that  the  final  drop 
to  exhaust-pressure  just  gives  to  the  last  stage  its  proper  share  of 
energy.  The  chief  determinant  of  this  action  is  the  manner  of 
variation  of  the  channel-section,  as  pointed  out  in  Art.  (a),  and  at 
each  point  along  the  channel  there  will  be  a  characteristic  normal 
pressure,  with  which  the  local  pressure  under  changed  conditions 
may  be  compared. 

The  most  obvious  result  of  a  decrease  in  the  amount  of  steam 
admitted  is  to  lower  the  local  pressure  all  along  the  line,  while  an 
increase  will  raise  it.  This  will  give  the  last  stages  a  smaller  pro- 
portion of  the  total  energy-development  at  light  load,  a  larger  share 
at  heavy  load.    Under  very  light  load  the  exhaust-pressure  tends 
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to  creep  up  into  the  turbine,  the  gradient  through  the  last  stages 
being  only  enough  to  maintain  the  flow;  under  heavy  load,  high 
pressure  backs  up  toward  the  entrance. 

Now  plain  throttling,  which  cuts  down  the  steam-pressure  at 
entrance,  tends  to  keep  the  division  of  work  among  the  stages  more 
nearly  equal  at  light  loads — ^while  diminishing,  of  course,  the  total 
energy  available.  The  cut-off  method  admits  steam  at  full  pres- 
sure, but  it  has  a  big  drop  through  the  initial  stage,  and  thereafter 
the  local  pressure  will  be  about  the  same  as  with  the  first  manner 
of  control.  The  advantage  of  the  second  method  depends  upon  the 
ability  of  the  first  stage  to  absorb  effectively  the  relatively  large 
energy  made  available  for  it;  but  since  such  a  capability  will  always 
exist  to  some  degree,  it  seems  that  the  scheme  of  having  all  the 
pressure-drop  within  the  turbine  itself  is  inherently  better  than  that 
of  allowing  a  considerable  part  of  the  drop  to  take  place  in  the 
governor-valve.  Puff-admission  acts  in  somewhat  the  same  way  as 
cut-off  control,  in  that  most  of  the  steam  enters  at  high  pressure, 
as  just  pointed  out  under  Fig.  577.  It  has  been  suggested  that  con- 
trol valves  be  applied  to  the  successive  nozzles  in  few-stage  turbines 
of  the  Curtis  type,  but  this  idea  has  not  yet  been  extended  beyond 
the  one  interstage  valve  on  Fig.  621.  The  intermittent  action  of 
the  Parsons  type  requires  the  fly-wheel  effect  of  the  heavy  rotor 
for  the  maintenance  of  steady  speed. 

APPENDIX  TO  CHAPTER  XII. 
THE  ROTARY  ENGINE. 

An  immense  amount  of  invention  and  ingenuity  has  been  ex- 
pended upon  the  problem  of  devising  a  machine  in  which  the  static- 
pressure  cycle  could  be  applied  to  a  rotating  instead  of  a  reciprocat- 
ing working-element.  Inherent  difficulties  of  the  first  magnitude 
have  kept  these  efforts  from  success,  while  the  advent  of  the  turbine 
has  satisfied  the  demand  which  they  were  intended  to  meet.  A 
description  of  the  various  rotary  engines  that  have  been  patented 
would  belong  rather  to  the  study  of  mechanism  than  to  practical 
steam-engineering;  and  to  illustrate  the  general  principle  of  action 
we  shall  use  but  the  one  simple  type  outlined  in  Fig.  681. 
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Fig.  681.— Outline  of  Typ- 
ical  Rotary  Engine. 


In  this  machine  steam  enters  continually  at  S  and  escapes  at 
E,  only  a  plain  throttle-valve  in  the  inlet-pipe  being  needed  to 
control  the  flow.  Sliding  vanes  or  pis- 
tons, P,  P,  P,  project  from  the  rotor  R 
and  touch  the  casing  C,  furnishing  the 
moving  surface  upon  which  the  working 
steam-force  acts.  Some  simple  con- 
trivance, such  as  a  circular  groove  in  the 
-ends  of  the  casing  and  projections  on  the 
vanes,  must  be  added  in  order  to  keep 
the  latter  out  against  the  casing. 

This  particular  scheme  has  the  fault 
that  it  makes  absolutely  no  provision  for 
expansion  of  the  steam  below  the  inlet 
pressure,  which  puts  it  in  a  class  with 
the  small  direct-acting  steam-pump.  Better  inventions  have  met 
this  requirement  to  some  degree,  although  far  less  effectively  than 
the  piston-engine.  But  the  great  and  determining  drawback  has 
been  the  inability  to  hold  steam,  or  the  tendency  of  the  machine 
to  excessive  leakage.  The  circular  piston,  moving  in  its  cylinder 
with  a  broad  contact,  is  the  simplest  possible  working-element 
for  the  static-pressure  cycle,  and  it  is  hard  enough  to  keep  the 
piston  tight.  The  rectangular  vane,  with  narrow  contacts  and 
variant  rubbing-speed  at  different  points  of  its  perimeter,  cannot 
be  made  and  kept  steam-tight;  and  there  is  a  further  chance 
for  leakage  between  the  ends  of  rotor  and  casing.  As  regards 
thermal  wastes,  it  is  evident  that  a  considerable  portion  of  the 
metal  surface  which  the  steam  touches  is  exposed  alternately  to 
high  and  low  temperatures.  Further,  since  the  machine  develops 
its  power  by  the  combination  of  a  small  driving-force  with  a  high 
velocity^  the  rubbing-friction  due  to  an  attempt  to  keep  the  piston 
tight  will  absorb  an  excessive  amount  of  power.  These  unavoidable 
bad  features  have  completely  overshadowed  the  advantf^es  of 
compactness  and  freedom  from  shaking-force. 


CHAPTER  XIII. 
STEAM-ENGINE  PERFORMANCE.  ( 

75.  Steam-test  Tables. 

List  of  tables  in  §  75: 

A.  Tests  of  Simple  Engines Pages  608  to6ll 

B.  Compound  Engines,  High-speed  T3rpe Pages  612  to  615 

C.  Multiple-expansion  Engines,  Corliss  Type.  .  Pages  616  to  619 

D.  Pumping  and  Marine  Engines Pages  620  to  623 

E.  Tests  of  Steam-turbines Pages  624, 626,  627 

F.  Engine  and  Generator  Efficiencies Page   625 

G.  Mechanical  Efficiency  of  Engines Page    628 

(a)  These  Tables  set  forth,  in  condensed  and  concentrated 
form,  the  results  of  a  large  number  of  tests  of  engines  and  turbines 
covering  the  whole  range  of  steam-engineering  practice.  Pub- 
lished reports  vary  widely  as  to  fullness  of  detail,  but  here  only 
the  more  important  data  are  given,  such  as  are  available  in  almost 
every  case.  It  will  be  noted  that  the  derived  results  on  the  last 
page  of  each  table  are  concerned  wholly  with  the  thermodynamic 
side  of  the  subject.  Fuller  information,  having  to  do  partly  with 
the  engine  alone,  partly  with  the  other  members  of  the  plant  also^ 
would  lie  along  several  lines,  somewhat  as  follows: 

I.  On  the  mechanical  side  of  the  steam-action, 

(a)  Pressure-losses  from  boiler  and  to  condenser; 

(b)  Receiver-pressures  and  losses  between  cylinders; 

(c)  Division  of  work  among  the  several  stages. 
II.  On  the  thermodynamic  side, 

(a)  Indicated  steam-consumption  and  cylinder-conden- 
sation; 
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(b)  Jacket   pressures,    and   the   different   amounts   of 

jacket-discharge; 

(c)  With  superheated  steam,  temperatures  at  various 

points  in  the  progress  of  the  steam; 

(d)  Temperatures  of  hot-well  discharge,  of  jacket-dis- 

charge, of  condensing  water,  and  of  feed-water. 
III.  As  to  the  performance  of  the  machine, 

(a)  The  mechanical  efficiency,  to  the  output  point. 

Division  I.  is  best  covered  by  the  combined  diagram,  which  also 
illustrates  II.  (a) — see  §  69.  The  ratio  of  indicated  steam  to  actual 
was  the  last  item  dropped  when  compressing  the  main  tables  into 
the  limits  of  space  available;  some  representative  values  are  given 
under  the  figures  in  §  69.  The  rest  of  Group  II.  is  desirable  when 
a  close  study  of  the  thermodynamic  detail  is  to  be  made,  but  is 
not  necessary  for  a  determination  of  total  or  resultant  perform- 
ance. Supplementary  data  as  to  III.  will  be  found  in  Tables  F 
and  G. 

(6)  The  Table-headings. — ^The  first  two  pages  of  each  table 
give  general  information  about  the  engine  and  the  source  of  data. 
The  cylinder-dimensions  are  in  inches,  nominal  sizes;  metric 
dimensions  are  expressed  to  the  nearest  tenth  of  an  inch.  The 
"Ratio"  is  that  of  the  largest  to  the  smallest  cylinder-volume  (or 
stage-volume),  passing  over  the  intermediates  in  a  triple  or  quad- 
ruple engine.  Similarly,  the  clearances  given  are  those  in  the  first 
and  last  cylinders  when  there  are  more  than  two  stages.  The 
"Year"  shows  when  the  test  was  made;  the  authority,  under 
"Reported  by",  is  generally  the  person  who  conducted  the  test; 
a  dash  after  the  name  shows  that  other  persons  joined  in  the 
presentation.  The  abbreviations  under  "Reference"  have  the 
following  meanings: 

A.  S.  M.  E.  Transadions  American  Society  of 

Mechanical  Engineers,  Vol.  -  page 

Eng.  Engineering  (London)  Half-year    vol.  -  page 

Eng'r  The  Engineer  (London)  Half-year  vol.  -  page 

E.  R.  Engineering  Record  (New  York)      Date  -  page 
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Stod.  Stodola's  Steam  Turbines, 

II.  E    Second  Edition,  English. 
III.  G    Third  Edition,  German. 
Z.  V.  D.  I.    Zeitechrift  dea  Vereine  deutscher 

Ingenieurej  Year  -.  page. 

The  letter  q  before  a  reference  means  that  this  accomit  is  quoted 
from  some  earlier  publication. 

(c)  General  CoNDrriONs,  Power,  and  Steam-consumption.* 

Section  1  op  Engine  Table. 


No.   Condition 


N        V        piA 


Pm  H  Sk 


(For  diflFerino  portion  of  Turbine  Table,  except  Condition,  see 
Art.  (e),  p^e  606.) 
No.     a  number  is  given  to  each  engine;    the  decimal   figures 

designate  different  tests  of  the  same  engine. 
Condition.  By  a  condensed  notation  a  number  of  important  gen- 
eral conditions  of  the  test  are  stated,  as  follows: 
First  letter — condition  of  steam: 
T=«  saturated  steam; 
P=«  superheated  steam. 
Second  letter — kind  of  exhaust: 

A = atmospheric  exhaust,  or  non-condensing; 
C= condenser  or  vacuum  exhaust. 
Numeral — number  of  stages  in  the  expansion. 
Third  and  fourth  letters — condition  as  to  jackets  and  heaters: 
J  =  jackets  in  use; 
H  =  reheater  in  receiver  in  use; 
N  =  no  jackets  or  heaters. 

If  either  J  or  H  is  given  alone,  absence  of  the  other 
type  of  heating  device  is  implied.  Subscripts  under  J 
indicate  that  only  certain  cylinders  are  jacketed — 1  for 
first  cylinder,  2  for  second,  etc. 

♦  Discussed  in  §  76  (a)  to  (e). 
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Last  letter — manner  of  measuring  steam-consimiption: 

F= feed-water  weighed  or  measured; 

M = feed-water  metered ; 

C»  steam  condensed  and  weighed. 

In  Table  E,  for  the  Steam-turbine,  the  first  two  letters 
and  the  last  under  Condition  have  the  meanings  just  given; 
the  third  letter  shows  the  manner  of  loading: 

B= brake  loaded; 

E= electrically  loaded. 

(Note. — To  facilitate  the  reading  of  reports  in  the  metric 
system,  the  reduction  ratios  of  the  important  imits  are  given  under 
the  definitions.) 

N        Speed  in  revolutions  or  double-strokes  per  minute. 
V        Piston  speed  in  feet  per  minute. 
(1  meter  per  sec  — 196.7  ft.  per  min.) 
Pix      Initial  pressure  in  pounds  per  square  inch  absolute. 

In  most  cases  this  is  the  pressure  at  the  boiler;  it  should 
be,  and  where  known  is,  the  pressure  at  (that  is,  just  before) 
the  throttle-valve.  • 
(1  kg.  per  sq.  cm.  — 14.22  lbs.  per  sq.  in.) 
p^A  Absolute  pressure  of  the  exhaust,  either  of  the  atmosphere 
or  in  the  condenser,  in  pounds  per  square  inch.  In  the 
locomotive  or  when  the  exhaust-steam  is  used  for  heating, 
this  pressure  will  be  above  atmosphere.    See  §  76  (6). 

In  reducing  vacuum  readings,  1  lb.  per  sq.  in.  =  2.035  ins. 
of  mercury 

(57.1  mm.  of  mercury—  1  lb.  per  sq.  in.) 
€  Apparent  cut-off  in  high-pressure  cylinder,  or  fraction  of 

stroke  completed  at  cut-off,  not  counting  the  clearance.    . 
r  Ratio  of  expansion,  or  ratio  of  the  final  full  volume  of  the 

low-pressure  cylinder  to  the  volume  back  of  the  high- 
pressure  piston  at  cut-off,  clearance  being  taken  into  ac- 
count. If  R  is  the  cylinder-ratio  and  i^  and  ^  the  clear- 
ances as  given  above, 

'-^- <-) 
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Pta  The  mean  effective  pressure  reduced  to  the  low-pressure 
piston  after  the  usual  manner — see  §  23  (c),  Eq.  (111). 

H        Indicated  horse-power. 

(1  metric  H.P.«  0.9863  EngUsh  H.P.) 

iSa       Steam  per  horse-power  hour,  in  pounds;  this  is  intended  to 
be  the  actual  steam-consumption,  not  corrected  for  mois- 
ture or  superheat  and  including  all  steam  used  in  jackets 
or  reheaters. 
(1  kg.  per  met.  H.P.-2.235  lbs.  per  Eng.  H.P.) 

S  Total  steam  used,  pounds  per  hour — in  the  plots  of  tests, 
Figs.  688  to  698. 

J  The  fraction  of  the  total  steam  that  is  used  in  the  jackets 
and  reheaters.  A  dash  placed  in  this  colunm  indicates  the 
absence  of  this  quantity  from  the  test. 

(d)  Thermodynamic  Performance.* 

Section  2  op  Engine  and  Turbine  Table. 


m.te        ti         qa          h        Q 

W          v>          Wjt 

Ek        En        Qm 

m        Fraction  of  moisture  in  steam  received  by  engine. 

^  D^rees  (Fahrenheit)  of  superheat,  at  engine  when  so  given, 
otherwise  at  superheater. 

^  Ideal  feed  temperature,  or  steam-temperature  correspond- 

ing to  the  exhaust-pressure  p^K*  I^  ^s  assumed  that  with  a 
complete  and  perfect  feed-heater  the  engine  could  deliver 
feed-water  at  the  temperature  of  the  exhaust-steam. 

q^  Number  of  heat-units  (B.T.U.)  added  to  the  feed  at  ^  by 
the  hot  water  from  the  jackets  and  other  heaters,  or  the  heat 
contained  in  the  weight  J  (fraction  of  one  pound)  of  this 
water  over  and  above  its  heat  at  <,.  In  most  cases  the 
water  from  the  jackets  is  supposed  to  have  the  full  temper- 
ature <i,  corresponding  to  the  pressure  p,a;  in  the  more  com- 
plex engines  some  of  the  heaters  have  lower  pressures,  and 

♦  Discussed  in  §  76  (/)  to  (w). 
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q^  is  calculated  on  this  basis.     It  diminishes  the  heat  re- 
quired to  make  one  pound  of  steam,  and  is  therefore  marked 
with  the  minus  sign. 
h  Effect  of  moisture  or  superheat  on  heat  of  steam-formation. 

With  moisture-fraction  m, 

h mr^, (442) 

fj  being  the  latent  heat  at  t^.    With  superheat  fe, 

h^^+cts (443) 

For  value  of  the  specific  heat  c,  refer  to  §  76  (/). 

Q  Heat  of  formation  of  one  pound  of  steam  of  actual  quality 
under  ideal  feed  conditions.  If  Q^^  is  the  heat  of  formation 
of  one  pound  of  dry  steam  at  pi^  from  water  at  ^,  then  Q 
is  the  algebraic  sum  of  Q^,  q^,  and  h.    See  §  76  (g). 

W  The  effective  work  per  pound  of  steam,  measured  in  heat- 
units,  or  the  heat  transformed  into  useful  work  per  pound 
of  steam.  One  horse-power-hour  being  1,980,000-^778= 
2545  B.T.U., 

Tr=25454-.S'H (444) 

w  Correction  to  be  made  in  output,  with  Rankine  Cycle,  on 
account  of  moisture  or  superheat  in  steam  received  by 
engine.     See  §  73  (a),  Eqs.  (430)  to  (434),  and  §  76  0')- 

TFr  Effective  output  of  Rankine  Cycle,  per  pound  of  steam  of 
actual  quality,  measured  in  heat-units.  See  §  73  (a).  It  is 
the  value  from  Table  XII  for  p,A  and  pj/n  corrected  by  w. 

Ej^  Absolute  thermodynamic  efficiency  for  the  engine  alone,  not 
including  the  (actual)  feed-heating  system.  It  is  the  ratio 
of  effective  output  of  the  steam-cycle  to  the  heat  received, 
so  that 

Ej^^W^Q (445) 

E^  Relative  thermodynamic  efficiency,  with  the  Rankine  Cycle 
as  the  standard  of  performance: 

E^^W^W^ (446) 
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Q^  Heat  supplied  per  horse-power-minute,  which  is  a  frequently 
used  measure  of  engine  performance.  Since  33000 -?■  778= 
42.42  B.T.U., 

•   Qm=42.4^£^ (447) 

(1  calorie  «  3.968  B.T.U. 
1  cal.  per  met.  H.P.  -  4.024  B.T.U.  per  Eng.  H.P.) 

Note. 

Where  the  data  are  printed  in  italics  it  means  that  the 

values  were  not  determined   (or  given),  but  have  been 

assumed  as  a  basis  for  calculation. 

A  blank  in  any  column  shows  that  the  quantity  was  not 

determined;  except  that  a  dash  under  J  and  a  blank  under 

q  indicates  the  absence  of  jacket-action  from  the  test. 

Many  of  the  values  in  the  tables  were  computed  with 

one  more  decimal  place  than  shown,  notably  Q  and  Ej,; 

but  the  numbers  given  are  amply  accurate  for  any  practical 

significance,  especially  in  view  of  the  degree  of  precision  of 

the  data  from  which  they  are  derived. 
,  (e)  Efficiency  Data. — ^The  performance  of  the  piston-engine, 
Tables  A  to  D,  is  all  expressed  in  terms  of  indicated  rather  than  of 
effective  or  brake  horse-power;  the  latter  is  commercially  the 
more  important,  but  in  the  majority  of  the  tests  was  not  deter- 
mined. When  we  come  to  the  turbine,  however,  only  the  effective 
power,  sometimes  brake  horse-power,  more  often  electrical  output, 
can  be  directly  measured.  To  get  a  basis  of  comparison  it  is  neces- 
sary to  reduce  this  to  the  work  of  the  steam  on  the  rotor  by  assum- 
ing efficiencies.  In  Table  E  this  is  done,  while  a  lot  of  data  from 
engine-generators  is  given  in  Table  F,  which  is  sandwiched  into 
Table  E  as  being  most  intimately  connected  with  the  latter.  Some 
further  data  as  to  mechanical  output  is  gathered  into  Table  G. 

The  symbols  used  in  Tables  E,  F,  and  G,  and  not  already  de- 
fined, are  as  follows: 

B  Brake  horse-power,  or  effective  mechanical  output  of  engine. 

D  Dynamometer  horse-power  (for  the  locomotive). 

K  Electrical  output  in  kilowatts. 

P  Pump  horse-power. 
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E^      Mechanical  efficiency,  B/H, 

£b       Electrical  efficiency,  of  generator  alone. 

Ec       Combined  efficiency  of  engine  and  generator,  E^  XE^. 

JFp       Efficiency  of  pumping-engine,  P/H. 

K/H  This  ratio  is  the  product  of  E^  and  the  electrical  horse- 
power factor  0.746,  and  serves  for  the  quick  comparison  of 
Tables  E  and  F. 

^^B       Steam  per  brake  horse-power-hour. 

Sj^       Steam  per  kilowatt-hour. 

In  Table  E  these  last  two  are  given  in  the  same  column, 
as  either  one  or  the  other  was  determined;  and  the  letters 
B  and  K  are  placed  after  the  numbers  to  show  which  quan- 
tity is  meant. 

(/)  Range  of  Test  Data. — Glancing  over  the  "general  infor- 
mation" part  of  the  tables  we  see  that  both  chronologically  and 
geographically  the  field  of  steam-engineering  has  been  pretty  well 
covered.  There  is  little  data  from  French  sources,  but  this  lack 
is  the  less  important  because  of  the  quite  general  use  of  t^e  Corliss 
engine  in  France,  so  that  there  would  only  be  a  paralleling  of 
English  and  American  results.  In  selecting  from  the  great  mass 
of  material  available,  the  object  has  been  to  choose  representative 
tests;  in  most  cases  performance  at  or  near  rated  power  is  given, 
the  manner  of  variation  of  efficiency  with  load  being  left  for  illus- 
tration by  curves  from  several  typical  series  of  tests,  in  Figs.  687 
to  698. 

A  few  salient  points  in  regard  to  the  source  and  character  of 
information  as  to  engines  of  dififerent  classes  are  as  follows: 

Tests  of  simple  engines  are  mostly  rather  ancient  history, 
later  attention  being  chiefly  paid  to  the  more  complex  and  eco- 
nomical forms.  For  the  small  high-speed  engine  very  little  good 
data  is  available,  considering  the  large  numbers  of  these  engines  in 
use. 

By  far  the  best  lot  of  work  on  the  locomotive  is  that  covered 
by  the  report  of  the  tests  made  on  the  Pennsylvania  Railroad 
Testing  Plant  at  the  St.  Louis  Exposition  of  1904.  These  results 
are,  however,  a  little  better  than  those  generally  got  in  road  tests. 

[To  pa^e  629] 
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Table  75  A.  Tests  op 


No.   DzamstbbXStbokk    Clbabancb 


Ttpb 


SSBTICB 


Simple  Marine  Engines 

101 
102 
103 
104 

36 
58 
26 
25 

X 
X 
X 
X 

96 

105 

36 

24 

.  058    Duplex,  \  inclined , 
.085    Single,    J  lift-valve 
.054 
.041 

Corliss  Engines 

fPaddlewheel 
Screw 

111 
112 
113 
114 
115 
116 
117 
118 
119 

8 
9 
23 
20 
28 
30 
32 
25 
24 

X 
X 
X 
X 
X 
X 
X 
X 
X 

24 
36 
60] 

48 

48 

72. 

48 

48 

48 

,08      Horizontal 
.076    Horizontal 

Horizontal 

.035    Horizontal 

.OS      Duplex  horizontal 

.025    Horizontal 

Lift-valve  Engines 

Experimental 
Experimental 

Textile  milla 

Textile  mill 
Textile  mill 
Textile  mill 

131 
132 
133 
134 

27.5 
21.3 
22.6 
16.3 

X 
X 
X 
X 

69.1 
45.2 
45.3 
39.4 

.03      Duplex  horizontal 
.025     Horizontal 
.024     Duplex  horizontal 
.048    Horizontal 

Double-valve  Engines 

Textile  mill 
Textile  mill 
Textile  mill 
Shop  power 

141 
142 

17 
17 

X 
X 

30 
24 

.071     Horizontal  (duplex) 
.023     Duplex  hor.  Buckeye 

High-speed  Engines 

Air-compressor 
Power 

151 
152 
153 
154 
155 
156 

10 
10 
12 
14 

X 
X 
X 
X 
X 
X 

10 
15 
20 
11 
14 
20 

Hor.  semi-portable 
.118    Hor.  semi-portable 

Hor.  Porter-Allen 

Hor.  Ball  &  Wood 
.088    Hor.  McEwen 

Hor.  slide-valve 

High-superheat  Engines 

Farm  power  "1 

Farm  power  f 

Experimental 

Experimental 

Generator 

Power 

171 
172 

9.8 
7.1 

X 
X 

6.3 
11.8 

Vert,  piston-valve 
Horizontal 

Simple  Locomotive 

Power 
Power 

181 

22 

X 

28 

.113     Consolidation 

Penna.  R.R. 

i  75  (f)]  STEAM-TEST  TABLES. 

Simple  Engines.  Table  75  A. 


Location 


Ybab 


Refortsd  bt 


Rbfbrbncb 


No. 


S.S.  Michigan 
S.S.  EtUaw 
S.S.  Dexter 
S.S.  Bache 


Mass.  Inst.  Tech. 
Sibley  College 

New  England  cot-  ^ 
ton  mills 


Paisley 
Mulhouse 


1861  lB.F.l8herwood, "Researches    /Vol.   I.  96 
1863  /     in  Steam  Engineering''  \  Vol.  II.  144 

1874  1  p  Tj,  Ft«o^  /  Eno.  1875, 1. 129 

jg74JC.E.Emei7  1eng.1875;I.    2 


1885    C.  H.  Peabody 
1894    R.  C.  Carpenter 
1880] 

Her    J 

1879    N.  McDougall 

1889    M.  Longridge 


Augsburg 
Augsburg 
Augsburg 
Augsburg 


Newcastle  1887 

Mass.  Inst.  Tech.     1885 

Stevens  Inst.  Tech.  1894 

1893 

Jonesville,  Mich.      1890 


Zweibriicken 
Trier 


St.  Louis 


1896 
1894 


Barrus 


A.S.M.E.,    7^28 
A.  S.  M.  E.,  16-913 

A.  S.  M.  E.,  11-175  ^ 

Eno.  1881,  II.  35 
Eno.  1892,  II.  557 


1878    Soc.  Ind.  de  Mulhouse  q  Eno.  1881, 1.  347 


1872  C.  Lind6 

1872  C.  Lind^ 

1876  Prof.  Thoma 

1904  J.  Krumper 


1889    J.  E.  Denton— 
1884    J.  C.  Hoadly— 


Roy.  Agric.  Soc. 

C.  H.  Peabody 

D.  S.  Jacobus 
R.  C.  Carpenter 
R.  C.  Carpenter 


Prof.  Gutermuth 
Prof.  Gutermuth 


Eno.  1873, 1.  74 
9  Z.  V.D.I.  1905,1310 
q  Z.  V.  D.  1. 1905, 1310 

Z.  V.  D. 1. 1905, 1310 


A.  S.  M.  E.,  10-722 
gE.R.,  Apr.  7, '94-303 


Eno.  1887,  II.  618  j 

A.S.M.E.,  7-^28 
A.  S.  M.  E.,  15-915 
A.  S.  M.  E.,  14-426 
A.S.M.E.,  11-723 


Z.  V.  D.  1. 1896, 1391 
Z.  V.  D.  1. 1896, 1423 


1904    P.  R.R.  Report  of  Tests        p.  564,  580 


101 
102 
103 
104 


111 
112 
113 
114 
115 
116 
117 
118 
119 


131 
132 

las 

134 


141 
142 


151 
152 
153 
154 
155 
156 


171 
172 


181 
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Table  75  A. 


Tests  op 


No.  Condition 

JV        V 

PlA.           PiA 

e 

r 

p. 

H       Sb 

J 

101       TCINF 

13.7  219 

35.8    2.12 

.30 

3.0 

19.9 

134  35.2 

102.1  TCINF 

9.2  161 

38.7    0.84 

.58 

1.6 

32.5 

415  31.39 

2  P 

9.1  159 

41.9    1.45 

.50 

1.9 

31.5 

397  26.15 

103.1  TCINF 

61.1  367 

81.9    2.3 

.25 

3.5 

37.5 

219  23.91 

2 

50.9  305 

55.5    2.0 

.26 

3.3 

25.6 

124  28.80 

104.1  TCINF 

47.1  188 

92.7    2.74 

.16 

5.3 

32.3 

89  26.25 

2         J 

53.8  215 

94.1     2.12 

.16 

5.1 

36.9 

116  23.15 

.02& 

111      TAINC 

61.3  245 

86.6  14.7 

.37 

2.4 

45.8 

18  36.3 

112.1  TCINF 

85.4  612  115.7    2.7 

.20 

4.3 

54.7 

52  23.5 

2         J 

85.4  512  113.1     2.2 

.17 

4.8 

57.7 

50  22.9 

.055. 

113      TAINF 

74.7  747 

87.0  17.5 

.37 

2.6 

33.1 

309  27.8 

114      TCINF 

61.7  502 

99.4    2.6 

.18 

5.0 

41.8 

195  19.24 

115      PAINF 

100.0  800 

83.5  17.5 

.33 

2.9 

28.6 

423  25.53 

116      PCINF 

50.1  601 

84.2    2.7 

.18 

5.0 

29.2 

373  18.48 

117      TCIJF 

82.8  662 

85        1.4 

.21 

4.3 

33.8 

640  20.7 

.065 

118.1  TCINF 

65.0  520 

76        2.0 

.22 

4.2 

33.2 

608  19.77 

2         J 

65.1  521 

76        2.0 

.22 

4.2 

31.9 

488  19.27 

.03a 

119.1  TCINF 

49.2  394 

80.6    2.1 

24.2 

127  24.73 

2         J 

50.2  402 

91.8    2.1 

29.9 

161  19.31 

.046 

131      TCIJF 

49.3  371 

95.9    1.18 

.10 

8.4 

26.5 

105  19.35 

132      TCIJF 

39.6  389 

89.8    2.6 

.10 

7.7 

28.7 

395  19.29 

.064 

133      TCIJF 

47.7  360 

93.5    1.37 

.12 

7.4 

30.2 

262  18.11 

134.1  TCIJF 

81.5  535  159.9    1.18 

,05  10.3 

37.7 

127  17.21 

2P 

81.3  533 

159.5    0.71 

.06 

9.5 

37.0 

121  16.68 

141.1  TAINC 

59.9  300  105.7  14.4 

.23 

3.6 

45.8 

91  27.41 

2 

9.3    47  107.2  14.4 

.15 

4.8 

40.1 

12  38.22 

3 

65.7  324 

43.3  14.4 

.22 

3.7 

9.8 

21  52.11 

142      PAINF 

152.9  612 

90.6  14.7 

.34 

2.8 

36.8 

311  25.64 

151      TAIJF 

172.3  287  135      14.7 

.08 

6.0 

37.0 

14  25.4 

.090 

152      TAIJF 

136.3  340  140       14.7 

.13 

4.5 

40.7 

23  20.4 

.112 

153      TAINC 

198.7  660 

88.5  14.7 

.27 

3.1 

21.8 

34  43.4 

154      TAINC 

253.9  465 

85.7  14.7 

25.6 

28  37.7 

155      TAINC 

245      571 

92.1  14.7 

.32 

2.7 

38.8 

76  31.1 

156      TAINF 

171.5  572 

85.0  14.7 

.30 

3.0 

17.2 

46  30.3 

171.1  PAINF 

250      262  119.9  14.7 

27.7 

17  19.4 

2T 

250      262  117.1  14.7 

24.5 

15  39.6 

172      PAINF 

200      396  142.8  14.7 

48.7 

23  14.81 

181.1  TAINF 

40.4  187  217.9  15.0 

.31 

2.7 

106.4 

455  27.49 

2 

79.7  372  215.2  15.3 

.29 

2.8 

92.4 

779  24.13 

3 

120.4  561  210.4  16.3 

.33 

2.5 

80.2  1006  23.79 

4 

159.1  742  195.8  17.4 

.30 

2.7 

58.9 

990  24.23 

5 

160.8  750  186.6  16.7 

.45 

2.0 

47.3 

803  29.33 

For  meanioc  of  fymboli,  fee  paces  602  to  606. 
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Simple  Engines. 

Table  75  A. 

m,<8      h         Qn              ^       Q 

W     ' 

vf        Wti 

Ea 

Er     Qm 

No. 

.016  128                 --13. 9  1051 

72.4 

-2.5  180.8 

.069 

.401  617 

101 

.015    9^                -13.9  1045 

81.1 

-3.2  194.5 

.078 

.417  548 

102.1 

96^  115                 +51.5  1133 

97.5  +20.8  235.6 

.086 

.413  493 

2 

.016  132                 -13.4  1065 

106.4 

-3.2  235.8 

.100 

.452  425 

103.1 

.016  126                 -13.7  1061 

88.5 

-2.9  213.0 

.083 

.416  510 

2 

.016  138                 -13. .3  1061 

97.0 

-3.1  229.8 

.091 

.422  465 

104.1 

.016  128     -5.5  -13.3  1035 

110.0 

-3.3  242.3 

.103 

.453  411 

2 

.017  212                 -15.1     983 

70.2 

-2.1  124.4 

.071 

.565  595 

111 

.007  138                -  6.1  1073 

108.3 

-1.5  247.1 

.101 

.457  420 

112.1 

.008  130  -11.6  -  7.0  1068 

111.1 

-1.9  249.8 

.104 

.445  407 

2 

.01     221                 -  8.9    980 

91.6 

-1.1  116.2 

.094 

.789  454 

113 

.Oi     136                 -  8.8  1069 

132.2 

-2.1  238.3 

.124 

.554  342 

114 

30**  221                 +17.7  1006 

99.7 

+  3.1  117.4 

.100 

.849  428 

115 

20^  138'              +11.8  1084 

137.8 

+3.9  231.2* 

.127 

.623  334 

116 

.02    114  -13.3  -17.8  1066 

123.0 

-4.7  257.7 

.115 

.477  368 

117 

.016  126                 -13.5  1068 

128.7 

-3.2  233.3 

.121 

.552  352 

118.1 

.016  126  -  6.1   -13.5  1062 

132.1 

-3.2  233.3 

.124 

.567  341 

2 

0    128                       0      1081 

102.9 

0      237. & 

.095 

.433  447 

119.1 

0     128  -  9.0         0      1075 

131.8 

0       246.3- 

.123 

.535  346 

2 

.01     108  -12.6  -  8.9  1084 

131.5 

-2.4  276.5 

.121 

.476  350 

131 

.01     103  -14.1   -  8.9  1086 

131.9 

-2.5  231.2 

.121 

.571  349 

132 

.01     113  -12.6   -  8.9  1078 

140.5 

-2.4  267.4 

.130 

.526  325 

133 

.01     108  -18       -  8.6  1090 

147.8 

-2.7  309.6 

.136 

.477  313 

134.1 

227^     91   -i5     +140.     1256 

152.6  +57.0  393.1 

.122 

.388  348 

2 

.008  211                -  7.0     996 

92.9 

-1.1  143.2 

.093 

.647  456 

141.1 

.008  211                 -  7.0     996 

66.3 

-1.1  142.2 

.067 

.466  637 

2 

.008  211                -  7.4     978 

48.8 

-0.6    71.2 

.050 

.685  848 

3 

41^  212                 +24.3  1023 

99.2 

+  3.7  135.5 

.097 

.732  438 

142 

.01    212  -12.7  -  8.7    986 

100.2 

-1.5  159.3 

.102 

.629  418 

151 

.01     212  -16.1   -  8.6     984 

124.8 

-1.5  162.0 

.127 

.771  334 

152 

.01     212                 -  8.9    989 

58.7 

-1.2  128.8 

.059 

.457  715 

153 

.008  212                 -  7.1     991 

67.6 

-1.0  126.7 

.068 

.534  622 

154 

.005  212                 -  4.4     995 

81.8 

-0.6  132.3 

.082 

.619  516 

155 

.01     212                 -  8.9    989 

84.0 

-1.2  125.8 

.085 

.668  499 

156 

231*»  212              +132.5  1138 

131.1 

+35.7  187.8 

.115 

.699  368 

171.1 

0    212                      0       1010 

64.3 

0       150.4 

.064 

.427  663 

2 

331^  212               +188.5  1198 

171.8  +57.5  222.4 

.143 

.772  296 

172 

.010  213                 -  8.1  1011 

92. q 

„-1.7.  192..7 . 

Jlfl2 

.482 .463 

181. 1 

.011214                 -  9.6  1008 

105.5 

-2.0  190.3 

.105 

.555  405 

2 

.012  217                -  9.7  1004 

107.0 

-1.9  184.8 

.107 

.580  398 

3 

.011  221                 -  9.0     999 

105.0 

-1.7  175.6 

.105 

.598  403 

4 

.009  219                 -  7.9  1001 

86.7 

-1.5  174.9 

087 

.497  490 

5 

Italic  figures  mean  assumed  values. 


612  STEAM-ENGINE  PERFORMANCE.  [Chap.  XIU. 

Table  75  B.  Compound  Engines, 

No.    DiAMBTBB   X  Stbokb   Ratio  Clearancb         Ttpb 


201 
202 
203 
204 


211 
212 
213 
214 
215 
216 
217 


221 
222 


224 
225 
226 
227 
228 


232 
233 


234 
235 
236 


241 
242 
243 
244 


Compound  Locomotivss 

23.  35  X  32  2.33  .167-. 057  2-cyl.  "Conaolidation" 

14.2^  23.7  X  25.2  2.81  .133-. 098  4-cyl.  "Atlantic" 

15,  25  X  26  2.81  .186^.066  4-cyl.  "Atlantic" 

14.2,  22.1  X  23.2  2.46  .117-. 104  4-cyl.  "Atlantic" 

High-speed  Engines 

6,  9  X  12  2.28  .241-155  Semi-portable,  horn. 

4f ,  9i  X  10  4 . 04  .18-.lt  Semi-portable,  horia. 

5f,  9  X  15  2.48  .160-.  108  Semi-portable,  horix. 

12,  20  X  13  2.81  .11  -.08  Vert.  2-erank 

17,  27  X  24  2.55  Vert.  2-crank 

9,  16  X  14  3.08  .12 -.09  Hoiiz.  tandem 

12.8,  19.7  X  14.1  2.38  .08 -.05  Vert.  2-crank 

ScHBflDT  "Motors"     (See  Fig.  612) 

12.2,    27.3     X     19.8    3.92  Vert,  tandem 

14.9,  31.5     X     31.5    3.46  Vert,  tandem 

English  High-speed  Ewomss 


Willans  Compound,  No.  3748 
Willans  Compound,  No.  3571 
Willans  Compound,  800  H.P. 
Willans  Triple,  No.  3416 
BellisB  Triple 


Dimen- 
sions not 
given 


Vert,  tandem,  duplex, 
or  triplex 


Vert,  double-acting 

Low-speed  Sude-val\tj  Engines 

15,    35.8     X     50.      4.75     .06&-.094    Horia.  direct-exp. 
20,    34         X     60        2.92     .083-. 068    Horii.  2-crank 

Engines  with  Positively  Driven  Corliss  Valves 

14,  28         X     18        3.77  Horia.  tandem 
19.7,    29.5     X     19.7    2.27     .051-. 048    Vert.  2-crank 

15,  40i       X     27        7.33     .040-. 047    Horiz.  tandem 

Engines  with  Double  Slide-valves 

14,  28  X  24  4.04  .036-. 064    Hor.  2-<: rank  Buckeye 

24,  48  X  48  4.13  .025-0201  Vertical,  2-crank       f 

28,  58  X  48  4.30  .065-.036  f      Mcintosh*  \ 

31,  64  X  48  4.32  .061-.  081 J      Seymour  \ 


i  75  (f)]  STEAM-TEST  TABLES.  W3 

High-speed  Types.  Table  75  B. 


Sebvick  Location         Ykab 


Reported  bt 


Reference         No. 


Mich.  Cent.,  Schenectady 
P.  R.R.,  French  bmlt 
A.,T.  AS.  F.,  Baldwin 
Hanover  Mach.  Works 


}  Tests  made  at  Royal 
Agric.  Soc.  Show, 
Newcastle 
Generator     Boston 
Generator     St.  Louis 
Generator     Ridgeway,  Pa. 
Shop  Power  Augsburg 


Tested  at  Penna.  R.R. 
Testing  Plant,  St.  Louis 
Exposition,  1904:  from 
Report  of  Tests,  P.  R.R. 


f  Pp.  285,  301 
Pp.  413,  429 
Pp.  484,  600 
Pp.  564,  580 


1887 


Committee  on 


Tests  ENG.1887,n.618| 

1898  G.  H.  Barms  E.  R.,  Aug.  6,  '98-206 

1904  J.  R.  Bibbins  E.  R.,  Jan.  28,  '06-92 

1892  R.  C.  Carpenter  A.  S.  M.  E.,  14  -  426 

1898  J.  Krumper  Z.  V.  D.  1. 1905, 1318 


Factory 


Cassel 

Schattau 


Generator 

Generator 

Mill 

Generator     Blackburn 


Mill  Power    Mulhouse 
Textile  mill  Blackburn 


1894  M.  Schroeter 
1899  R.  Doerfel 


^1904 

1904  A.  S.  GUes 
1904  Makers 


Z.  V.  D.  I.  1895,  5 
Z.  V.  D.  1. 1899, 1562 


Eno'r,  1905,  II.  79 

Enq'r,  1904,  II.  234^ 
Enq'b,  1905,  II.  78 


1876  SocInd.deMulh.  o  Eng.  1878, 1.  4,  21 
1881  M.  Longridge       Eng.  1882, 1. 174 


Generator     Philadelphia      1901  Davis  &  Griggs   E.R., Mar.  9, '01-220 

Shop  Power  Augsburg  1893  J.  Krumper  Z.  V.  D.  1. 1905, 1318 

Harrisburg,  Pa.  1903  B.  T.  Allen  A.  S.  M.  E.,  25  -  212 


Generators   Chicago  1893  G.  H.  Barms 

Textile  Mill  Lawrence,  Mass.  1897  F.  W.  Dean 
Generators    Boston  1901 " 

Generators    Boston  1903 


E.R.Feb.17,'94-192 
A.S.M.E.,  19-310 


}  L.  S.  Marks        A.  S.  M.  E.,  25 -  443  / 


201 
202 
203 
204 


211 
212 
213 
214 
215 
216 
217 


221 
222 


224 
225 
226 
227 

228 


232 
233 


234 
235 
236 


241 
242 
243 
244 
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Table  75  B. 


Compound  Engines, 


No.    Condition 


201.1  TA2NF 

2 

3 
202.1  TA2NF 

2 

203.1  TA2NF 

2 
204.1  TA2NF 

2 

3 


211  TA2NF 

212  TA2JF 

213  TA2JF 

214  TA2NF 

215  TA2NF 

216.1  TA2NF 

2  J 

3  TC2NF 

4  J 
217.1  TA2JF 

2     C 


221  PC2NF 

222  FC2NF 


224 
225 

226 

227 
228 


PA2NF 

1  TC2NF 

2  P 
PC2NF 
PC3NF 
PC3NF 


232      TC2JF 
233.1  TC2NF 
2        JH 


234  TA2NF 

235  TC2JIIF 
236.1  TC2JC 

2 


N 


PlA 


P2A 


40.0 

80.0 

160.0 

160.0 

240.0 


213  223.9  15.0 
427  223.2  17.2 
854  223.8  18.8 
673  229.3  15.9 
1010  230.2  16.0 


160.0  693  236.5  16.4 
240.0  1040  232.4  19.0 
80.0  315  216.4  15.1 
160.0  629  213.5  15.8 
239.8     942  207.8  16.6 


.46 
.55 
.50 
.38 
.29 

.51 
.50 
.45 
.44 
.42 


4.0 
3.4 
3.7 
6.0 
7.4 

4.3 
4.4 

4.8 
4.9 
5.1 


172.9 
159.9 
149.0 
271.2 
200 


317  140 
266  265 
372  170 
587  181.4 
800  165 


14.7 
14.7 
14.7 
15.3 
14.7 


.43  3.9 

.07  18.5 

.16  8.6 

.37  5.5 


265  619  126.3  14.0 

264.3  618  129.5  14.0 

265  619  124.0  2.6 

264  617  128.0  2.8 
181.1 
180.6 


427  133.2  14.1  .31  6.4 
426  133.6  1.05  .13  11.9 


116.8 
96.2 


395  183.0 
504  151.6 


1.1  .34  11.0 
1.3  .45  7.5 


302 

273 
472 


169 

167 

173 

168 

194.3 

175 


14.7 
2.4 
2.0 
2.4 
3.9 
1.6 


39.7 

331 

72 

5 

1 

.0 

.83 

5 

8 

47.6 

476 

103 

8 

1 

.5 

.29 

8 

4 

47.6 

476 

104 

5 

1 

.5 

.26 

9 

1 

200  600  152  3  14.7 

149.5  489  ll4.1  1.26.19  10.0 

155.2  698  104.4  2.7 

150.1  675  166.7  2.0 


H 


77.3 
79.8 
38.1 
45,5 
23.5 


477  20.43 
987  20.10 
941  23.27 
809  19.86 
625  22.59 


63.5  1296  19.67 
50.0  1529  20.81 
66.7  481  17.82 
51.7  742  17.36 
34.5  744  17.91 


35.4 
33.6 
34.3 
33.7 
40.2 

30.6 
29.0 
29.3 
28.8 
32.2 
30.2 


21  28.00  

19  19.20  .118 
24  20.66  .110 

188  21.14  

554  20.01  


.035 


114  23.81 

108  23.14 

109  19.95 
107  19.60  .054 
126  21.85 

118  16.10 


27.3 
36.5 


73  10.40 
168  9.95 


600  15.85 
360  16.9 
360  13.4 
800  11.23 
34.4  1288  11.05 
316  10.8 


46.2 
49.9 
50.3 


21.2 
24.1 
24.7 

178  19.87 
314  16.92 
326  17.08 

.067 
.069 

28.2  314  23.5 

25.7  270  15.50 

3.2  87  14.42  .087 

18.4  502  12.66  .043 


241.1  TA2NC 

2     C 
242  PC2J,HF 
243.1  PC2JHM 

2  N 

244  PC2JHF 


165.7  '663  132.5  14.7   .49    8.2 
163.3     653  133.5    2.0  .33  11.9 


99.6 
101.9 
101.9 
116.9 


797  137.6 
815  164.2 
815  173.6 
935  153.2 


1.3 

1.1  .23  17.6 
1.0  .20  19.2 

2.2  .27  16.6 


21.6  267  23.24  

23.6  286  16.07  

24.^1076  12.87  .098 
16.2  1047  13.59  .075 

17.0  1105  14.41  

24  0  2184  12.50  .049 


For  meaning  of  symbols  see  pages  602  to  606. 
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High-speed  Types. 

Table  75  B. 

m.  <8 

<2 

«H 

h        Q 

W 

tf       Wk 

Ej, 

£b     Qu 

No. 

.0166  213 

-13.9  1005 

124.6 

-2.9  193.6 

.124 

.644  342 

201.1 

,0161 

222 

-13.5     997 

126.6 

-2.7  185.1 

.127 

.683  334 

2 

,0164  223 

-13.7    996 

109.4 

-2.7  179.6 

.110 

.610  386 

3 

.0185  216 

-15.4  1002 

128.1 

-3.2  191.3 

.128 

.670  332 

202.1 

,0173  216 

-14.4  1002 

112.7 

-3.0  191.4 

.112 

.589  382 

2 

,0182  217 

-15.1  1001 

129.4 

-3.2  191.8 

.129 

.675  328 

203.1 

,0253  225 

-21.1     987 

122.3 

-4.2  180.3 

.124 

.678  343 

2 

87° 

213 

+  57.8  1076 

142.8  +14.3  202.9 

.133 

.703  320 

204.1 

100° 

216 

+65.0  1080 

146.6 

+  15.7  205.4 

.136 

.713  313 

2 

91.2° 

218 

+  59.4  1072 

142.1 

+  13.6  198.2 

.133 

.717  320 

3 

.01 

212 

-  8.7  1000 

91.0 

-1.5  162.0 

.091 

.661  466 

211 

,01 

212 

-23.5 

-  8.2     993 

132.6 

-1.9  208.2 

.134 

.636  317 

212 

.01 

212 

-17.6 

-  8.6     988 

123.2 

-1.6  175.8 

.125 

.701  340 

213 

.015 

215 

-12.7  1000 

120.4 

-2.4  177.4 

.120 

.680  352 

214 

,013 

212 

-11.1  1002 

127.2 

-2.1  175.4 

.127 

.726  334 

215 

,01 

210 

-  8.7  1000 

106.8 

-1.6  167.6 

.107 

.678  398 

216.1 

,01 

210 

-4.9 

-  8.7  1001 

110.0 

-1.6  159.4 

.110 

.690  386 

2 

.01 

135 

-  8.7  1075 

127.6 

-2.2  254.1 

,119 

.502  358 

3 

,01 

139 

-11.4 

-  8.7  1072 

129.9 

-2.2  251.2 

.121 

.518  351 

4 

.01 

210 

-12 

-  8.7     989 

116.6 

-1.5  159.9 

.118 

.729  360 

217.1 

.01 

104 

-18 

-  8.7  1090 

158.0 

-2.6  303.6 

.145 

.520  293 

2 

253° 

108 

+  153     1273 

244.6 

+  62.2  386.7 

.192 

.633  221 

221 

275° 

111 

+  161     1273 

255.8 

+  64.7  368.8 

.200 

.693  212 

222 

107° 

212 

+  67.4  1081 

160.6  +16.0  193.0 

.148 

.831  286 

224 

0 

133 

0       1093 

150.6 

0       279.4 

.138 

.639  308 

226.1 

150° 

126 

+  93.0  1193 

190.0 

+32.8  323.9 

.159 

.688  267 

2 

97° 

133 

+61.3  1154 

226.6 

+  19.7  299.5 

.196 

.756  216 

226 

112° 

152 

+  72.3  1149 

230.3 

+22.4  286.5 

.201 

.804  212 

227 

315° 

118 

+  187.3  1296 

235.6  +77.9  381.0 

.182 

.618  233 

228 

.01 

102 

-13.7 

-9.0  1050 

128.1 

-2.4  265. e 

.122 

.483  348 

232 

.01 

116 

-8.8  1090 

150.3 

-2.4  269.7 

.138 

.558  307 

233.1 

.01 

116 

-15.0 

-8.8  1075 

149.1 

-2.4  270.2 

.139 

.552  306 

2 

.017 

212 

-14.6     996 

108.3 

-2.6  166.9 

.109 

.650  390 

234 

.01 

no 

-18 

-8.8  1080 

164.2 

-2.4  283.8 

.152 

.679  278 

235 

0 

138 

-17.1 

0       1060 

176.6 

0       241.7 

.167 

.731  255 

236.1 

0 

126 

-10.6 

0       1088 

201.2 

0       288.6 

.186 

.696  230 

2 

.005 

212 

-4.3  1003 

109.5 

-0.7  158.7 

.109 

.690  389 

241.1 

.005 

126 

-4.3  1090 

158.5 

-1.2  272.7 

.145 

.583  292 

2 

20° 

111 

-24.0 

+  12.6  1122 

197.8 

+3.7  311.4 

.176 

.636  241 

242 

9.2° 

105 

-19.8 

+  6.0  1106 

187.3 

+2.1  319.5 

.169 

.587  251 

243.1 

14.6° 

102 

+  9.6  1134 

176.7 

+2.8  328.2 

.156 

.639  272 

2 

64.2° 

130 

-11.6  +40.5  1123 

203.6 

+  12.1  290.3 

.181 

.701  234 

244 

Italic  figures  meaa  assumed  values. 
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Table  75  C. 

MULTIPLE-EXPANSIOi^  ENGINES, 

No. 

DlAMETKRS 

X  Stbokb 

Ratio 

Clearances 

Ttfe 

CoRLiBs  Engines 

251 

9, 

16 

X     36 

3.24 

.076-.089 

Horiz.  2-crank 

252 

12, 

22 

X     42 

3.38 

Hor.  2-ck.  Greene 

253 

26, 

48 

X     60 

3.41 

.oes-.oss 

Horiz.  2-crank 

264 

30, 

60 

X     72 

4.08 

.026-036 

Horiz.  2-crank 

255 

17, 

34 

X    .60 

4.18 

.035-.027 

Vert,  beam 

256 

25, 

50 

X     36 

4.08 

Vert.  2-crank 

257 

20, 

40 

X     42 

4.03 

.047-. 070 

Horiz.  2-crank 

258 

25, 

52 

X     60 

4.50 

.04O-.054 

Vert.  2-crank 

259 

42, 

86 

X     60 

4.30 

.098-. 048 

Horiz.-vert.  dup. 

High-ratio 

DoMPOuND  Engines 

271 

44,   75.6-75.6 

X     60 

6.15 

.104-. 042 

Vert.  3-crank 

272 

18, 

44.3 

X     72 

6.40 

.023-. 018 

Hor.2-c.Wbeelock 

273 

18, 

481 

X     48 

7.30 

.020-029 

Hor.  2-c.\\Tieelock 

274 

16, 

40 

X     48 

6.35 

.025-,020 

Horiz.  2-crank 

Lift-valve  Engines 

281 

14.6, 

24.1 

X  37.5 

2.75 

.043-031 

Horiz.  2-crank 

282 

26.6, 

41.5 

X  53.2 

2.45 

.040-. 035 

Horiz.  2-crank 

283 

17.2, 

26 

X  43.2 

2.39 

.044-035 

Horiz.  tandem 

284 

28.6, 

43.4 

X  51.2 

2.31 

.050-.045 

Horiz.  tandem 

285 

26.6, 

43.3 

X  45.3 

Horiz.  tandem 

EIigh-superheat 

Engines 

291 

16, 

28 

X     42 

3.13 

.041-. 058 

Hor.  lift  &  CorUss 

292 

21, 

36 

X     36 

2.98 

.087-.094 

Vert.  2-ck.  piston 

Triple-expansion  Power  Engines 

301 

9,           16, 

24 

X  36 

7.34 

.076-.  094 

Hor.  3-ck.  1 

9 

302 

11.5,     19, 

30 

X  36 

6.90 

.05^.043 

Vert.  2-ck. 

303 

19,         29, 

46 

X  48 

6.00 

Vert.  3.ck. 

f 

304 

17.5,     28. S 

S     48 

X  36 

7.60 

Vert.  3-ck. 

311 

11.1,     17.7 

^     27.6 

X   39.4 

6.63 

.103-. 038 

Hor.  2-ck.  '' 

c 

312 

21.7,     33.5.     51.2 

X  61.1 

5.85 

.051-. 033 

Horizontal 

313 

17,8,     27. C 

>,     41.4 

X  53.2 

5.71 

.045-.035 

Horizontal 

f 

314 

15.4,     25.5 

5.     37.4 

X  25.6 

6.05 

.100-, 053 

Vert.  3-ck. 

t 

315 

23.6,     37.4.     53.1 

X  35.4 

5.10 

Vert.  3-ck. 

t 

316 

34.0,  49.1, 

61.0-61.0X  51.2 

6.40 

Vert.  2-ck. 

o 
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Corliss  Type. 


Table  75  C. 


Seryicb      Location    Ykab   Rxportxd  bt 


Rbtebbnce  No. 


Experi'tal 
Generator 
Text,  mill 
Text.  miU 
Flour  mill 
Text,  mill 
Generator 
Text,  mill 
Generator 


Sibley  College  1894 
(Load  flu€tuate8)1896 
FallRiver,Ma8S.1888 
N.Bedford,  "  1893 
1895 
Lawrence,  Mass  1898 
Brooklyn,  N.  Y.1902 
Bessbrook,  Ire.  1904 
New  York  1906 


R.  C.  Carpenter 
J.  Christie 
G.  H.  Bamis 
J.  E.  Denton — 
M.  Longrid^ 
Dean  &  Mam 

D.  S.  Jacobus 

E.  G.  Hiller 
H.  G.  Stott 


A.  S.  M.  E.,  16^913 
A.  S.  M.  E.,  19-320 
A.  S.  M.  E.,  9-545 
A.  S.  M.  E.,  15-^2 
Enq.  1896, 1. 132 
Eno.  1898,  II.  533 
A.  S.M.E.,  24-1274 
9  Enq. '04,  IL  165 


Generator     New  York  1904  J.  D.  Andrews—  q  E.R.,May28/04-690 

Text,  mill  1  Grosvenordale,  J  1894  G.  H.  Barms  E.R.,Nov.3,'94-379 

Text.  miU  /     Conn.  1 1897  G.  H.  Barms  E.R.,N.  20,  '97-540 

Text,  mill    Providence,R.1. 1902  G.  H.  Barms—      E.R.,Nov.  8,  '02-436 


251 
252 
253 
254 
255 
256 
257 
'258 
259 


271 
272 
273 
274 


Text,  mill 

Augsburg 

1880  M.  Schroeter 

5  Z.  V.D.I. '05, 1314 

281 

Text,  mill 

Augsburg 

1893  Bav.  Br.  Inap.  Co. 

q  Z.  V.  D.  I.  '05, 1316 

282 

Generator 

Wiesbaden 

1899  J.  Kmmper 

Z.  V.  D.  I.  '05, 1312 

283 

Generator 

Wiesbaden 

1900  Bav.  Br.  Insp.  Co. 

q  Z.  V.  D.  I.  '05, 1312 

284 

Generator 

Antwerp 

1905 

Enq.  1905,  II.  179 

285 

Mill  power 

Philadelphia 

1903  D.  S.  Jacobus 

A.  S.  M.  E.,  25-264 

291 

Mill  power 

Belfast 

1903  M.  Longridge— 

Eng'b,  1905, 1.  546 

292 

Experi'tal 

Sibley  College 

1894  R.  C.  Carpenter 
.  1893  A.  M.  Robeson 

A.  S.  M.  E.,  16-913 

301 

Generator 

Kimberly,S.A 

Eno.  1896, 1. 129 

302 

Text,  mill 

Belfast 

1894 

Eno.  1894,  II.  230 

303 

Generator 

Newcastle-on-T.  1901  W.B.Woodhouse 

jEno.  1902,  IL  142 

304 

Shop  power  Augsburg 

1889  M.  Schroeter 

Z.  V.  D.  1. 1890, 7 

311 

Text,  mill 

Augsburg 

1893  Bav.  Br.  Insp.  Co. 

gZ.V.D.L'05,1346 

312 

Text,  mill 

Immenstadt 

1897  Bav.  Br.  Inap.  Co. 

5Z.V.D.L'05,1350 

313 

Shop  power 

Augsburg 

1902  J.  Kmmper 
1898  R.  Doerfel 

Z.V.D.L'05,1352 

314 

Factory 

Prague 

Z.  V.  D.  I.  '99, 1560 

315 

Generator 

BerEn 

1900 

Z.V.D.L  1900, 606 

316 

618  STEAMtENGINE  PERFORMANCE.  [Chap.  XHL 

Table  75  C.  Multiple-expansion  Engines, 


No.    Condition 

N       V      pu,     pu. 

e        r 

Pm 

H        Su 

J 

251.1  TC2NC 

85.1  611  112.5  3.8 

.21  12.2 

21.5 

67  16.52 

2        JH 

86.6  613  128.9  3.2 

.16  16.5 

21.8 

68  18.03 

.166 

262.1  TC2HF 

113.     791  123.3  2.4 

21.2 

189  20.45 

.062 

2         N 

115.     805  126.8  2.4 

19.9 

181  19.34 

253      TC2NC 

52.3  523  109.0  1.3 

.51     6.6 

21.4 

607  16.28 

254      PC2NM 

66.2  783  137.7  2.1 

.32  10.3 

25.6 

1592  13.50 

255      TC2JHC 

34.0  340  148.5  0.5 

.17  19.9 

23.3 

216  12.97 

.119 

266      TC2JHF 

163.6  981  140.2  1.3 

20.2 

1170  13.04 

.126 

267      TC2JHF 

120.9  844  162.8  1.0 

.26  15.0 

26.7 

853  12.33 

.099 

268.1  PC2HF 

66.2  662  170.0  1.45 

.22  18.0 

23.7 

978  11.17 

.053 

2         N 

65.1  651  170.3  1.6 

.22  18.0 

23.8 

980  11.69 

259      PC2NF 

74.6  746  190.0  0.9 

.32  14.4 

27.8  7227  11.90 

271.1  TC2NF 
2        jH 

76.3  763  198.6  1.6 
76.3  763  199.4  2.7 

.25  18. 
.25  18. 

9*?  A    VW9    19    in 

26.4  6449  12.68 

.070 

272      TC2JHF 

60.6  726  166.7  2.2 

.26  22.8 

20.5 

692  12.67 

.077 

273       PC2JHF 

80.1  641  165.3  1.6 

.29  24.6 

18.7 

662  12.04 

.095 

274.1  PC2NF 

80.1  641  186.6  0.9 

.29  20.6 

23.3 

667  11.29 

2        JU 

80.1  641  184.4  1.2 

.24  24.6 

23.3 

566  11.49 

.135 

281       TC2JHF 

71.3  446     95.3  1.17 

.19  12.3 

21.6 

130  12.62 

?A2A  PC2JHF 

66.0  686  107.5  1.20 

.23     9.4 

24.6 

678  12.42 

2  T 

66.2  587  107.3  1.02 

.20  10.8 

24.0 

567  15.11 

283      TC2JHF 

90.0  648  133.4  1.58 

.12  15.4 

21.9 

884  14.77 

284      PC2JHF 

90.3  770  133.8  2.86 

.20     9.7 

27.4 

956  11.85 

285       PC2JHF 

91.6  691  157.3  1.5 

33.6  1040  10.18 

291.1  PC2HF 

102.3  716  157.0  1.6 

.32     9.3 

31.8 

420     9.56 

0 

2  T 

102.2  716  159.8  2.3 

.27  10.7 

30.8 

407  13.84 

292.1  PC2HC 

100.7  604  132.1  1.0 

.26     9.4 

26.1 

481     9.10 

0 

2 

100.7  604  131.7  1.0 

.15  13.7 

18.8 

348     8.89 

0 

301.1  TC3NC 

83.6  501  130.4  3.0 

.39  17.3 

16.6 

114  16.29 

302      TC3JC 

84.7  508  129.6  2.6 

.30  20.4 

17.2 

120  13.92 

.208 

74.6  448  136.6  1.36 

26.5 

234  13.21 

.119 

303      TC3NF 

76.0  608  178.     1.0 

.30  22. 

25.8 

785  11.75 

304.1  PC3JF 

100.3  602  214.     2.0 

35.6 

1177  10.42 

.025 

2         N 

102.4  614  207.     2.1 

29.7  1030  10.40 

311      TC3JHF 

70.3  471  160.5  0.84 

.28  18.2 

24.9 

206  12.61 

.179 

312      TC3JHF 

58.6  596  163.        .93 

.23  21.5 

21.9 

802  12.46 

313      TC3JHF 

66.7  592  170.        .88 

.22  22.6 

22.3 

654  11.98 

314.1  TC3JHF 

144.6  618  182.9  1.27 

.25  18.3 

26.3 

538  12.36 

2  P 

144.2  617  180.8  1.24 

.29  16.2 

26.8 

549    9.99 

315      PC3JHF 

85.6  506  157.6  1.0 

21.1 

716  10.90 

316.1  TC3JHF 

82.7  703  217.6  1.1 

25.2  2976  11.75 

2  P 

82.7  703  212.7  1.1 

24.1 

2860    9.62 

For  meaning  of  symbols  see  pages  602  to  606. 
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Table  75  C. 


m.tB 

h 

«H             h         Q 

W             w       Wn 

Ea. 

£r    Qm 

No. 

.012 

151 

-10.5  1055 

154.0     -2.5  225.6 

.146 

.683  290 

261.1 

.009 

144 

-32.1     -7.8  1036 

141.2     -1.9  224.9 

.137 

.678  311 

2 

.02 

133 

-13.2  -17.4  1055 

124.4     -4.6  254.6 

.118 

.489  360 

252.1 

.02 

133 

-17.4  1069 

131.5     -4.6  256.4 

.123 

.616  344 

2 

.01 

111 

-8.8  1096 

156.4     -2.5  280.0 

.143 

.659  307 

263 

14.  S*' 

128 

+  9.2  1102 

188.6     +2.4  275.9 

.171 

.686  248 

254 

0 

80 

-32.0       0      nil 

196.3        0      347.5 

.177 

.665  240 

266 

.007 

111 

-31.0     -6.1  1074 

195.3     -1.8  296.2 

.182 

.669  233 

256 

.007 

102 

-26.4     -6.0  1091 

206.4     -1.9  319.2 

.189 

.647  224 

257 

90.5** 

115 

-13.7  +57.3  1156 

227.8  +19.6  325.7 

.197 

.700  215 

258.1 

72.7^ 

116 

+46.3  1157 

219.5  +15.1  319.7 

.190 

.687  223 

2 

9.4^ 

99 

0      1137 

214.0     +1.9  328.1 

.188 

.651  225 

259 

,007 

118 

-5.9  1106 

210.3     -1.9  306.2 

.190 

.688  223 

271.1 

.007 

138 

-17.5     -5.9  1069 

200.7     -1.7  279.1 

.188 

.720  226 

2 

.006 

130 

-18.6     -5.1  1072 

201.0     -1.5  282.0 

.188 

.714  226 

272 

14.7** 

118 

-28.6     +9.5  1088 

211.4     +3.0  296.4 

.195 

.716  218 

273 

41** 

99 

+  26.6  1157 

225.5     +9.5  344.6 

.196 

.654  218 

274.1 

41° 

108 

-36.5  +26.6  1110 

221.5     +9.3  330.3 

.200 

.671  213 

2 

.01 

107 

-25         -8.9  1072 

201.7     -2.5  276.6 

.178 

.730  238 

281 

129.3^ 

'108 

-20       +76.4  1164 

204.9  +25.4  301.0 

.176 

.681  241 

282.1 

.01 

103 

-20         -8.8  1084 

168.4     -2.6  290.8 

.155 

.579  273 

2 

.01 

118 

-22         -8.7  1072 

172.3     -2.5  283.4 

.161 

.608  264 

233 

106.6^ 

140 

-15       +65.2  1130 

214.8  +19.3  274.5 

.190 

.782  223 

284 

199** 

116 

-20     +120.0  1208 

250.0  +44.5  343.9 

.207 

.727  205 

285 

375° 

116 

0     +215.5  1324 

266.2  +86.7  386.0 

.201 

.690  212 

291.1 

.01 

132 

-10         -8.6  1074 

183.7     -2.4  276.4 

.171 

.665  248 

2 

395° 

105 

0     +221.     1336 

279.7  +95.0  402.7 

.206 

:696  20e 

292.1 

402° 

105 

0     +225.     1340 

286.3  +97.6  405.1 

.217 

.707  196 

2 

.008 

142 

-7.0  1071 

166.6     -1.8  249.4 

.156 

.668  273 

301.1 

.008 

135 

-45.1     -7.0  1033 

182.8     -1.8  258.6 

.177 

.707  240 

2 

.0117 

112 

-27.2  -10.8  1073 

192.8     -3.0  291.0 

.179 

.663  236 

302 

.01 

102 

-8.5  1117 

216.6     -2.9  324.2 

.194 

.667  219 

303 

87.4° 

126 

-6.6  +58.0  1157 

244.2  +20.0  325.4 

.212 

.752  201 

304.1 

91.5° 

128 

+  60.5  1163 

244.7  +20.2  321.0 

.211 

.763  202 

2 

0 

96 

-45            0      1084 

201.9        0      328.8 

.186 

.614  228 

311 

.007 

100 

-30         -6.     1090 

204.3     -1.9  322.9 

.188 

.633  226 

312 

.007 

98 

-30         -6.     1092 

212.4     -1.9  328.2 

.196 

.647  217 

313 

0 

110 

-25            0       1093 

206.9        0      317.6 

.188 

.649  225 

314.1 

230° 

109 

-20      +140.   1238 

264.7  +64.4  372.3 

.206 

.683  206 

2 

140.5°  102 

-22       +86.5  1187 

233.4  +32.2  361.3 

.197 

.666  216 

315 

0 

105 

-20            0       1107- 

216.5        0      336.5 

.196 

.646  217 

316.1 

213° 

105 

-15     +132.     1244 

264.6  +54.0  388.3 

.213 

.682  19f 

2 

Italic  figures  mean  assumed  values. 
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STEAM-ENGINE  PERFORMANCE. 


[Chap.  XOl. 


Table  75  D. 


Pumping  and 


No. 


DlAMKTERS 


X  Stbokb   Ratio  Cleabancbs 


Ttph 


331 
332 
336 
337 


341 
342 
343 
344 


351 
352 
353 
354 
355 
356 
357 
358 


365 
366 


371 
372 
373 
374 


381 
382 
383 
384 
385 
386 


WORTHINGTON  TyPB   PuMPING  EnQINVS 


30,       60 

12,       18,       29 

18,       36 

33,       66 


36  4.05 
18  5.83 
26  4.05 
37.6  4.05 


Hot,  duplex  Knowles 
Hor.  duplex  Worth'n 
Hor.  high-nduty 
Hor.  hi^h-duty 


21, 
15, 
27, 
34, 


42 
30 
54 
62 


CoMPotJND  Fly-wheel  Pumping  Engines 
36 


X 
X 
X 
X 


120 

48 


4.04 
4.09 
4.02 
3.34 


.036-.025  Hor.  2-ck.  Holly 
.040-. 037  Hor.  2-ck.  Corliss 
.016-. 015  Vertical  Leavitt 
.012-. Oil  Vert.  AUis-Chalmers 


Triple-expansion  Pumping  Engines 


24,       38,  54     X  36      5.06  .025-020  Hor.  3-ck.  Corliss 

21,  37,  55     X  48      6.95  .018^.021  Hor.  3-ck.  Noixiberg 

28,  48,  74     X  60      7.11  .014-. 008  Vert.  3-ck.  Reynolds 
14.2,  23.6,  34.4  X  39.4  6.19  .05^.060  Hor.  2-ck.  Sulzer 
13.7,  24.4,  39       X  72      8.11                        Vert.  3-ck.  Leavitt 

29,  52,  80     X  60       7.66  .01 7-. 025  Vert.  3-ck.  Snow 

22,  41.5,  62     X  60      7.95  .010-. 005  Vert.  3-ck.  Holly 

30,  56,  87     X  66      8.45  .014-.005  Vert.  3-ck.  Allis-Chal. 

Engines  with  Regenerative  Feed-heaters  (Nordberg) 


19.5,29,49.5,57.5  X 
14.5,    22,   38,   54  X 


42      8 . 75     .013-. 004  Vert.  2-ck.  Pump.  Eng. 
48     14.19     .06O-.035  Hor.  4-ck.  Air-comp'r 


16, 
27.4, 

30, 
50.1, 


25 

50.3 
57 
97.1 


Compound  Marine  Engines 

2.44     .049-.041  Vert,  tandem 


24 
33 
36 
72 


3.40  .076-.050  Vert.  2-crank 
3.65  .094-. 062  Vert.  2-crank 
3.78     .  15  -.  12    Inclined  2-crank 


Multiple-expansion  Marine  Engines 


18.5,     27,     42  X  24  5.18 

29.4,     44,     70  X  48  5.70 

22,         34,     57  X  39  6.75 

33,         49,     74  X  39  5.02 

34,    65.5,    64-64  X  48  7.12 

29,   41.5,   59,   84  X  54  8.45 


.  160-.  1 13  One,  vert.  3-crank 
.124-. 080  One,  vert.  3-crank 
One,  vert.  3-crank 
Two,  vert.  3-crank 
Two,  vert.  4-crank 
Two,  vert.  4-crank 
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Marini!  Engines. 


Table  75  T). 


SSBVICK 


Location  Yxab       Rbpobtxd  bt 


RjcnBBMca 


No. 


Peservoir  Birm'gham  Ala.  1803  G.  H.  Bamis 
Reservoir  St.  Albans,  Eng.  1899  E.  H.  Foster 
Experi'tal     Brooklyn  1885  J.  G.  Mair 

Oil  pipe-line  Pt.  Jervis,  N.Y.  1891  J.  E.  Denton 


£.R.^an.l3/94-109 
A.  S.  M.  E.,  21-788 
9  Eng.  1886,11.340 
A.  S.  M.  E.,  12-976 


Reservoir   S.  Bethlehem  I'a.  1900  R.  C.  H.  Heck 
City  water    Pawtucket,  R.I.  1891  Wm.  Kent 
Reservoir     Louisville  1894  F.  W.  Dean 

Reservoir     Omaha  1900  R.  W.  Hunt  d;  Co. 


A.  S.  M.  E.,  13-176 
A.  S.  M.  E.,  16-169 
E.  R.  Ju.16/00-574 


OH  pipe-line  Laketon,  Ind. 
Into  mains   Grand  Rapids 
City  water    Milwaukee 
Lift  of  1300  ft.  St.Gallen^Sw. 
City  water    Boston 
Into  mains   Indianapolis 
City  water    Boston 
City  water    Boston 


1893  J.  E.  Denton 
1896M.E.Cooley— 
1893  R.C.  Carpenter 
1897A.  Stodola 
1895E.  F.  MiUer 
1898W.F.M.G08S 
1901  D.  Brackett— 
1900D.  Brackett— 


A.  S.M.E.,  14-1341 
A.  S.M.E.,  21-1019 
E.R.,Dec.  2/93-5 
Z.  V.  D.  I.  '98,  265 
Mass.  In.  Tech.Rep. 
A.  S.  M.  E.,  21-793 
E.R.,N.16,'01-474 
E.  R.,0. 13,'00-345 


City  water    Pittsburg  1899 R.  C.  Carpenter  E.R.,Ap.  29, '90-495 

Mine  mach'yPainesdale,  M'h.  1906  O.  P.  Hood  A.  S.  M.  E.,  28- 


Steamer  Bache  1874  C.  E.  Emenr  Eno.  1875, 1. 14 

Steamer  Fun  Yama         1888  1  A.B.W.Kenne-  f  q  Eno.  1890, 1. 577 

Steamer  Colchester  1889  \  dy.  Committee  <  q  Eno.  1890, 1. 605 

Paddle  str.  ViUede Dauvres  1891  J  Ins.  M.  E.  [q Eno.  1892, 1. 586 


Ferryboat  Bergen  1888  E.  A.  Stevens — 

Steamer  Meteor  1888  1  A.B.W.Kenne- 

Steamer  lona  1890  /  dy,C.  In.M.E. 

Cruiser  Minerva  1896  Adm.  Com.  R.N. 

Cruiser  Argonaut  1898  Sir  J.  Durston 

Steamer  Saxonia  1900  Adm.  Com.  R.  N. 


A.  S.  M.  E.,  11-372 
/^Eno.  1889,  L  527 
\  ^  Eno.  1891.  L  568 
9EN0. 1902,  L  326 
9Eno.I899,I.432 
9Eno.1902,I.326 


331 
332 
336 
337 


341 
342 
343 
344 


351 
352 
353 
354 
355 
356 
357 
358 


365 
366 


371 
372 
373 
374 


381 
382 
383 
384 
385 
386 
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STEAM-ENGINE  PERFORMANCE.  [Chap.  Xin. 


Table  75  D. 


Pumping  and 


No.    Condition 

N 

V            PlJL         PUL 

•          r 

p. 

H      Sa 

/ 

331      TC2JHF 

16.1 

98  105.6  2.3    1.00    4.0 

29.2 

477  29.23 

332.1  PC3JHF 

33.7 

103  104.2  2.4     1.00    5.7 

25.7 

105  16.59  . 

078 

2        N 

33.0 

102  103.7  2.4    1.00    577 

25.6 

105  16.94  - 

336      PC2JHF 

45.0 

195    74.0  1.5 

.45    8.2 

20.9 

119  17.17 

123 

337     TC2JHM 

20.1 

126  103.6  2.2 

.33  13.8 

17.5 

457  16.40 

161 

341      TC2JF 

20.2 

121  104.7  2.0 

.42     9.1 

27.7 

281  15.63 

.123 

342.1  PC2JF 

48.2 

241  138.1  1.05. 

27.7 

142  13.84 

.057 

2         N 

48.0 

240  138.3  1.4 

27.6 

141  14.26  ■ 

343     TC2JHF 

18.6 

372  151.6  1.0 

.20  20.2 

25.0 

643  12.22 

.167 

344     TC2JHC 

22.7 

181  118.3  1.5 

.15  20.5 

20.8 

357  12.35 

.114 

351.1  TC3JHF 

27.8 

167  165.4  1.78 

.22  20.8 

27.9 

323  13.83 

.178 

2        N 

27.7 

166  165.6  1.84 

.31  15.4 

28.6 

328  14.09 

3        J. 

27.8 

167  127.7  1.83 

.36  13.4 

27.9 

322  14.33 

.153 

352.1  TC3JHF 

39.9 

319  138.8  1.72 

.31  22.1 

22.2 

510  12.74 

.138 

2 

30.1 

241  139.4  1.79 

.28  23.9 

21.8 

376  13.33 

.151 

3 

19.1 

158  140.3  1.76 

.25  27.2 

20.9 

229  13.90 

.179 

353     TC3JHF 

20.3 

203  135.9  1.2 

.35  19.6 

21.7 

674  11.80 

.093 

354.1  PC3JF 

60.3 

395  162.1  1.^ 

18.9 

207  11.70 

.146 

2 

30.6 

201  165.2  1.3 

18.1 

101  12.78 

.148 

355     TC3JHC 

50.6 

607  190.7  1.45 

.38  20.6 

26.5 

676  11.22 

.148 

356      TC3JHC 

21.2 

212  168.9  1.6 

.33  22.6 

24.4 

783  11.50 

.062 

357      TC3JHC 

24.9 

249  165.6  1.4 

20.5 

465  11.09 

.131 

358     TC3JHC 

17.7 

195  201.9  0.83 

22.8 

802  10.48 

.155 

365      TC4JHC 

36.5 

255  214.1  1.15 

35.4 

712  12.42 

? 

366      TC4JHC 

66.9 

455  256.8  1.25 

31.3 

990  11.92 

? 

371.1  TC2NF 

49.3 

197    95.0  2.6 

.41     6.C 

29.8 

86  23.21 

2        J, 

54.7 

219     94.7  2.2 

.39    6.9 

32.7 

105  21.26 

.052 

372     TC2NF 

55.6 

306    71.5  2.3 

.64    6.0 

19.9 

371  21.17 

373      TC2NF 

86.6 

532    95.2  2.5 

.62    6.4 

24.8 

1980  21.73 

374      TC2NM 

36.8 

442  120.5  4.7 

.63    6.4 

30.2 

2977  19.41 

381      TC3NF 

144 

576  129       1.4 

.63 

27.5 

666  18.3 

382      TC3JF 

71.8 

574  153      2.73 

.50 

29.9 

1994  14.98 

383      TC3JF 

61.1 

398  179.6  0.70 

.37 

21.1 

645  13.35 

.043 

384.1  TC3JC 

83.5 

642    95       1.3 

15.2 

2142  15.90 

.018 

2 

109.6 

711  148      1.75 

26.9 

4963  14.13 

.036 

3 

128.6 

835  151       1.8 

37.4 

8132  16.30 

.022 

386.1  TC3NC 

76.4 

611    83      1.9 

.73    8.3 

16.2 

3867  17.72 

2 

75.1 

601  184      2.1 

.27  15.7 

16.1 

3762  16.26 

3 

116.5 

932  189      1.9 

.73    8.3 

37.9  13766  15.98 

4 

415.3 

922  245       1.7 

.63  10.4 

38.3  13788  15.44 

- 

5 

127.7  1022  259      2.1 

.71    8.6 

47.2  18781  15.75 

386      TC4NC 

77.8 

700  207      2.3 

38.8 

9099  13.47 

For  meAninc  of  Bymbola  see  pages  602  to  606. 
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Marine  Engines. 

Table  75  D. 

m.<B 

h 

9m 

h         Q 

W 

tp        Wj, 

^A        ^R      Qu 

No. 

.020 

132 

-26       ■ 

-17.6  1041 

87.0 

-4.5  246.6 

.084   .353  508 

J31 

143^ 

133 

-16.1  +83.2  11491 

153.4  +26.2  274.0 

.134  .661  317 

J32.1 

154*' 

133 

f 89.3  1171 

150.3  +28.7  276.2 

.128  .544  330 

2 

52.5*' 

116 

-23.9  +28.1  10961 

148.3 

+  7.5  257.4 

.135  .577  313 

336 

.01 

130 

-32.6 

-8.8  1042 

155.2 

-2.2  249. S 

.149  .622  284 

337 

,01 

126 

-26.4 

-8.8  1053 

162.8 

-2.3  255.6 

.154  .635  276 

341 

3.5** 

104 

-14.3 

+2.2  1106 

184.0 

+0.9  307. S 

.167  .698  265 

342.1 

10. 9** 

114 

+6.9  1115 

178.5 

+2.6  296. S 

.156  .601  272 

2 

.0055 

102 

-43.7 

-4.8  1073 

208.3 

-1.5  315.2 

.194  .661  218 

343 

.01 

116 

-25.9 

-8.7  1067 

206.1 

-2.5  278.2 

.194  .740  219 

344 

.0217 

122 

-44.2 

-18.6  1041 

183.5 

-5.5  288.5 

.176  .636  241 

351.1 

.020 

123 

-17.9  1084 

180.9 

-5.0  287.5 

.167  .629  264 

2 

.0225 

123 

-33.6 

-19.5  1043 

177.7 

-6.4  270.3 

.170  .657  249 

3 

0 

121 

-26.4 

0      1074 

199.8 

0      284.3 

.186  .703  228 

362.1 

0 

122 

-30.0 

0      1069 

191.0 

0      282.6 

.179  .677  237 

2 

0 

122 

-37.a 

0      1063 

183.0 

0      283.9 

.172  .645  247 

3 

.0105 

108 

-19.9 

-9.1  1084 

215.7 

-2.7  298.0 

.199  .723  213 

353 

269** 

114 

-32.0  +159    1239 

219.2  +63.0  367.7 

.177  .596  240 

354.1 

262** 

111 

-33.0  +155     1237 

199.2 

+61.9  371.6 

.161   .637  264 

2 

0 

115 

-36.4 

0     1078 

226.8 

0      313.7 

.211   .723  202 

355 

.010 

118 

-13.7 

-8.5  1086 

221.3 

-2.6  298.1 

.204  .743  208 

356 

.007 

114 

-27.5 

-6.0  1075 

229.5 

-1.8  304.2 

.214  .755  199 

357 

.0137 

96 

-36.5 

-11.5  1087 

242.8 

-3.9  340.5 

.224  .714  190 

358 

.0126  106.7 

-206.0 

-10.6    909 

204.9 

.326 

.226  .691  188 

365 

.0574 

109.5 

-228.1 

-47.8    851 

213.5 

.334 

.251   .751  169 

366 

.02 

136 

-17.7  1059 

109.7 

-4.2  233.1 

.104  .472  408 

371.1 

.02 

130 

-10.2 

-17.7  1055 

119.7 

-4.4  241.7 

.114  .496  373 

2 

.02 

132 

-18.0  1057 

120.2 

-4.1  221.0 

.114  .644  373 

372 

.02 

135 

-17.7  1060 

117.1 

-4.3  235.4 

.110  .498  384 

373 

.02 

160 

-17.5  1041 

131.1 

-4.0  217.1 

.126  .605  336 

374 

.008 

114 

-7.0  1099 

139.0 

-2.0  287.5 

.127  .483  336 

381 

.016 

138 

-16 

-12.9  1058 

170.0 

-3.5  263.4 

.161   .645  264 

382 

.016 

90 

-12.0 

-12.7  1115 

190.7 

-4.3  340.0 

.171   .661  248 

383 

0 

111 

-3.8 

0      1108 

160.1 

0      273.5 

.145  .587  293 

384.1 

.01 

121 

-8.6 

-8.6  1084 

180.2 

-2.5  285.1 

.166  .633  255 

2 

.01 

122 

-5.3 

-8.6  1087 

156.2 

-2.6  286.0 

.144  .548  295 

3 

0 

124 

0      1085 

143.7 

0      245.1 

.133  .587  320 

385.1 

0 

128 

0      1100 

156.5 

0      292.9 

.142  .534  298 

2 

0 

124 

0      1104 

169.2 

0      299.7 

.144  .532  294 

3 

.016 

120 

-12.4  1103 

164.8 

-4.0  318.7 

.149  .517  284 

4 

.006 

128 

-4.1  1105 

161.6 

-1.3  314.5 

.146  .614  29(] 

6 

.016 

132 

-12.6  1087 

189.0 

-3.8  293.2 

.174  .645  244 

386 

Italic  figoree  meftn  MBumed  values. 
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STEAM-ENGINE  PERFORMANCE. 
Table  75  E.    Steam-turbines. 


[Chap.  XIII. 


No.  SXZB 


Type 


Location 


Year    Reported  by 


Rbfkrkkck 


401 
402 
403 
404 
409 


411 
412 
413 
414 
421 


431 
441 
442 
443 
444 
445 


451 
452 
453 


461 
466 


2000  H.P.  Riedler-Stumpf  Berlin 


30  H.P.  De  Laval 

60  HP.  De  Laval 

100  H.P.  De  Laval 

300  H.P.  De  Laval 


SiNOLE-STAGB  OnS-IMPULSE  TURBINES. 

Dresden  1901     E.  Lewicki 

Glaagow  1905    T.  B.  Morley 


Lodz 
Trenton 


1901 
1902 
1902 


Dean  A  Main 
A.  Riedler 


Z.V.D.L,190a-494 
Enq.  1905,  XL  880 
Z.V.D.L/01-1678 
E.  R.^ug.2/02-100 
q  Stod.  II.  E,  233 


600  H.P.  Rateau 
1000  Kw.  Rateau 
300  H.P.  Rateau  L.P. 
700  H.P.  Rateau  L.P. 
600  H.P.  Zoelly 


MULTIPLE-STAOB  StNOLE-IMPULSE  TURBINES. 

Paris  1903    A.  Stodola 


Zurich 

HallsideW'ks 
Zurich 


1903 
1902 
1906 
1904 


Oerlikon  Works 
Sauvage  A  Picou 

A.  Stodola 


Stod.  II.  E,  267 
Stod.  II.  E,  261 
Stod.  II.  E,  263 
Eno.  1906, 1.  848 
Stod.  II.  E,  242 


50  H.P.  Elektra 

500  Kw.  Curtis 

500  Kw.  Curtis 

500  Kw.  Curtis 

2000  Kw.  Curtis 

5000  Kw.  Curtis 


MULTIPLE-fiTAQE  MULTIPLE-IMPULSB  TUBBINES. 

1905  Prof.  Gutermuth       Stod.  III.  G,  238, 9 

Newport, R.I.  1904  G.  H.  Barrus  Report 

Cork,  Ire.  1904  C.  H.  Mertz  Eno.  1904,  II.  679 

Revere,  Mass.    1906  W.  H.  Trask,  Jr.    ♦  Burleioh,  55 

Schenectady      1905  Sars^nt  A  Ferguson  Report 

Schenectady      1906  W.  L.  R.  Emmet      Gen.  Elec.  Co.  . 


400  Kw.  Westinghouse 
1250  Kw.  Westinf^ouse 
3000  Kw.  Brown-Bovcri 


Parsons  Turbines. 

Pittsburg  1903     Dean  A  Main  (55)  1    F.  Hodgkinson, 

Pittsburg  1903    J.  Kennedy  (41)    /  A.  S.  M.  E.,  25-716 

Frankfort-a-M.  1904    —Singer  q  Z.  V.  D.  I.,  '04-1513 


MixED-TTPE  Turbines. 


60  H.P.  Union 
500  Kw.  H.-P.-S. 


tt 


Essen 
Munich 


1905 
1906 


M.  Schroter 


tStev.&Hob.,337 
Eng.  1906,  II.  11 


*  "The  Vertical  Steam  Turbine."     Paper  by  C.  B.  Burleigh^  Nat.  Asaoc.  Cotton  Mfr»..  1906. 
t  Stevens  8t  Hobart,  "Steam  Turbine  Engineering." 
tt  H.-P.-S.  -  Helmt-Pfenninger-Sankey. 


Additional  Data  for  Table  75  F,  Showing  PARncuLARS  as  to  Engines 
NOT  Included  in  Preceding  Tables  (Italic  Numbers). 


229 
230 
245 
246 
261 
262 
263 


Scott  Central-valve  vert,  compound 
Two  Reavell  en^inR^f  y^Tt.  compound 
23,     48  X  48  \  Mcintosh  &  Seymour  1 
29,    60  X  56  /     vert,  two-crank       J 
16,    30  X  42     Hor.  tand.  Corliss 
20,    38  X  48     Hor.  cross-corap.  Corliss 
26,    50  X  48      Hor.  cro8»-comp.  Corliss 


L.  S.  Marks 

E.  J.  Willis 
Stone  A  Webster 
G.  H.  Barrus 


Eng.  1900, 1.  208 
Enq'r,1905II,78 

A.  S.M.E.,  25-143 

9E.R.D'c.23,'99-709 

E.R.,Mar.5,'98-30 

E.R.Nov.l8,'99-579 
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1 

Table  75  F.    Engine  and  Generator  Efficiencies. 

No. 

COND. 

Sub* 

N        PiA          <8 

H 

K 

K/H 

Ec      5h      Sj, 

216 
214 

TA2 
TA2 

16     X14 
20     X13 

265  115  

271  181  

108 
188 

67 
161 

.627 
.638 

.841  23.1  36.8 
.856  21.1  33.1 

229.1 

2 
3 

A 

230.1 

2 

TA2 

C 

TA2 
TC2 

16     X8 

150  Kw. 
100  Kw. 

408  175  

412  175  

412  172  

412  174  

346  150  

446  160  

84 
43 
94 
43 
246 
160 

48 
24 
58 
24 
150 
100 

.576 
.563 
.610 
.568 
.612 
.626 

.772  19.2  33.0 
.755  21.5  38.2 
.818  16.8  27.6 
.761  17.3  30.4 
.82  19.1  31.3 
.84     15.5  24.7 

224 
225.1 
2 
227 

PA2 
TC2 
P 
PC3 

302  169  107*^ 

167  

173  160^ 
180  112^ 

600 

360 

360 

1298 

358 
226 
227 
775 

.597 
.627 
.629 
.602 

.800  15.9  26.8 
.841  16.9  27.0 
.843  13.4  21.3 
.807  11.1  18.3 

236 

245 
246.1 
2 

TC2   40i  X27 
PC2   48     X48 
PC2   eo     X56 

c 

150  167  

102  164      9^ 
98  169    80« 
98  163    98^ 

502     323 
1047    674 
2267  1540 
2202  1495 

.664 
.643 
.678 
.678 

.864  12.7  19.7 
.863  13.6  21.3 
.910  12.7  18.7 
.910  11.6  17.1 

252 

261 
262 
263 

TC2 
TC2 
TC2 
TC2 

22     X42 
30     X42 
38     X48 
50     X48 

114  126  

100  127  

107  127  

78  151  

185 

373 

709 

1031 

122 
219 
469 
690 

.643 
.587 
.661 
.668 

.864  19.9  30.9 
.787  13.8  23.5 
.886  15.3  23.1 
.896  13.2  19.8 

271.3 
4 
5 

259.2 

TC2 
PC2 

76!6>^^ 
86     X60 

76  209  

76  198  

76  187  

75  190      6^ 

1482    867 
5274  3740 
6326  4483 
7365  5079 

.606 
.708 
.708 
.690 

.814  15.9  26.2 
.950  12.2  17.2 
.948  12.4  17.6 
.924  12.0  17.3 

286.1 
2 
3 
4 

TC2 
P 

22     X33.5 

200  

192 

200  225^ 
200  225^ 

308 
165 
310 
165 

190 
99 

190 
99 

.618 
.598 
.614 
.598 

.829  13.6  22.0 
.802  11.8  19.1 
.823  10.9  17.7 
.802     9.7  16.2 

293.1 
2 
3 

304.1 
3 

PC2 
PC3 

24     X28 
48     X36 

140  155  390** 
140  155  390*' 
140  155  390* 
100  214    87** 
100  213    84** 

312 
239 
175 
1177 
850 

190 
143 
97 
719 
503 

.610 
.600 
.554 
.610 
.590 

.817  9.4  15.4 
.804  9.0  15.0 
.743  9.5  17.2 
.817  10.4  17.1 
.792     9.9  16.8 

For  meaninff  of  symbols  see  pases  602  to  606. 

*  Under  "Sim "are  here  given  the  diameter  of  the  L.P.  cylinder  and  the  stroke. 


Supplement  to  Table  75  F — Continued. 


286 
293 


12.8,  22.0X33.5  Van  den  Kerchove  (Fig.  506)  horizontal  tandem 

260  H.P.  engine,  Ghent,  1902       M.Schroeter  Eng'r,  1903  I.  192 

15,   24X28  horiz.  tandem,  lift  valves,  positive  gear,  Schmidt  separate 
superheater.    Brantham,  1902     J.  A.  Ewing    Eng'r,  1903  1.  46 
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Table  75  E. 


Tests  op 


No.  Condition 

N       pu 

tfaJL 

K 

B 

^> 

Eu 

R/B    5k.  b 

401.1  TABC 

2  P 

3P 
402      TCEF 

2014    99.1  14.5 
2364    99.1  14.45 
2096    99.3  14.65 
1635  187        1.59 

43.5 
26.0 
61.2 
48.0 

.9$ 
.96 
,96 

39.53  B 
33.85  B 
26.68  B 
21.9    B 

403      TCBF 
404.1  TCEF 

2 

3  P 

1076  186.2 
747  221.1 
751  216.2 
750  221.8 

2.28 
1.67 
0.84 
1.47 

242.1 
333.0 
118.9 
362.0 

.96 
.96 
.92 
.96 

17.20  B 
15.51  B 
16.77  B 
13.94  B 

409.1  PCEC 
2       B 

3000  203 
3800  185 

2.14 
1.22 

1365 
1340 

1928 
1891 

.95 
.95 

.97 
.97 

.688  13.68  B 
.688  12.33  B 

411.1  TCEC 

2  P 

3  P 
412.1  TCEC 

2 

2184  176.1 
2101  168.5 
2360  223.7 
1500  179.2 
1500  186.3 

1.29 
1.64 
2.15 
2.43 
1.11 

107.5 
366.0 
462.9 
1024 
194 

171.6 
530.8 
664.9 

.84 

.924 

.933 

,96 

.86 

.90 
.96 
.96 
.97 
.90 

.564  30.42  K 
.655  22.60  K 
.669  22.09  K 
.688  21.98  K 
.671  31.97  K 

413  PAEC 

414  TAEC 
421.1  TCEC 

2 
3  P 

1598    14.7 
1500     14.7 
2967  158.8 
2995  157.1 
2970  160.1 

2.79 

1.0 

1.03 

0.74 

0.99 

232.5 
450 
387.7 
80.1 
390.4 

,93 
,94 

.96 
.96 
.96 
.90 
.96 

.666  39.97  K 
.673  36.6    K 
.673  21.48  K 
.564  33.07  K 
.673  19.80  K 

431.1  PCEC 
2 
3     A 

3524  145.8    2.43 
3181  143.9    1.78 
3331  146.7  14.7 

44.4 
58.5 
38.8 

,94 
.96 
.94 

27.37  B 
20.16  B 
32.53  B 

441.1  TCEF 
2  P 

442  PCEC 

443  TCEC 

1815  165 
1815  165 
1820  168 
1820  167 

1.0 
1.0 
1.6 
0.6 

529.4 
514.7 
512 
521.9 

,93 
,93 
,93 
,93 

.96 
.96 
.96 
.96 

.660  19.78  K 
.660  15.91  K 
.660  20.5    K 
.660  18.75  K 

444.1  PCEC 

2 
445      PCEC 

900  181 
900  170.2 
750  190 

0.73 
0.71 
1.0 

2024 

565 

4800 

.946 

,90 

,965 

.96 
.92 
.97 

.676  15.02  K 
.631  18.09  K 
.691  14.97  K 

451.1  TCBC 
2 

3  P 
4 

3549  169.6 
3545  169.1 
3544  164.9 
3543  168.2 

1.46 
0.99 
0.98 
0.93 

693.5 
693.5 
693 
592 

.96 
.96 
.96 
.96 

14.35  B 
13.91  B 
12.50  B 
11.46  B 

452.1  TCEC 

2  P 

3  T 

4  P 
463.1  PCEC 

2 

1196  161.7 
1201  160.9 

1197  160.7 
1199  160.6 

199 
142 

1.42 
1.42 
0.94 
0.93 
1.42 
1.42 

1322 
1294 
1364 
1274 
3000 
3000 

.96 
.96 
,96 
.96 
.96 
.96 

.97 
.97 
.97 
.97 
.97 
,97 

.688  19.46  K 
.688  18.48  K 
.688  18.80  K 
.688  17.63  K 
.688  14.30  K 
16.82  K 

461       PCBC 
466      PCEC 

3542  157.3 
2548  191 

1.4 
0.48 

504.2 

609 

.96 

.96 
,96 

20.6    B 
.680  17.2     K 

For  meaning  of  Bsonbob,  see  pase*  603  to  007. 
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Steam-turbines. 


Table  75  E. 


n,h      h 


27.16  0      211       0         1002 

31.14  327*»  211  +181       1183 

24.40  604''  212  +322       1323 

20.80  .007     118       -5.9  1105 

16.34  30.6*»  131     +20      1117 

14.75  .0215  120     -18.0  1095 

15.34  .0215    96     -18.0  1118 

13.24  84^  115     +56.8  1174 


13.45    179**  129  +113 
11.98    197^  109  +121 


1215 
1241 


17.16  5.2**  111 
14.80  20.0**  119 
14.77  23.6^  129 
15.11  .0052  133 
18.24  .0153  105 


26.62  84.5*» 

24.65  0 
14.46    7.(f 

18.66  3.1*» 
13.33  76.5*» 


139 
102 
103 
92 
102 


+  3.4  1120 
+  13.0  1120 
+  16.2  1119 
-  4.3  1090 
-13.0  1110 

+  40.5  1080 
0  1077 
+  4.5  1126 
+2.0  1134 
+  48.2  1171 


25.73  196**  134  +116.8  1206 

19.15  105*  122  +64.5  1165 

30.58  104*»  212  +64.0  1074 

13.18      0  102  0        1123 

10.59  290*  102  +176  1300 
13.66  104*  116  +65  1176 
12.48  .012  86  -10.2  1130 


10.15  207* 
11.40  204* 
10.34  150* 


92+126       1262 

91  +125      1261 

102     +89.5  1216 


13.78      0 
13.35   .001 
12.00  104* 
11.00  180* 

13.37      0 
12.70    76* 
12.92      0 
12.12    78* 
9.83  190* 
11.57    90* 


115  0  1112 
102  -0.9  1123 
101  +65.3  1189 
100  +110   1237 


0  1111 
+  47.8  1159 
0  1125 
+  49  1174 
114  +119  1235 
114  +55.5  1163 


114 
114 
100 
100 


68.5       0       139.2 
81.8  +51.3  190.5 

104.3  +97.7  202.0 

122.4  -  1.8  306.0 

155.8  +  6.4  295.8 
172.7  -  6.8  311.0 
166.0  -  6.2  341.7 
192.2  +19.3  342.5 

189.4  +40.4  342.0 
212.4  +46.3  366.2 


148.3 
172.0 
172.3 
168.5 
139.6 

95.6 
103.2 
176.2 
136.4 
191.0 


0.9  315.1 
3.9  303.3 
5.3  307.7 
1.3  282.3 
4.2  321.0 


+  6.4  115.8 
0  168.3 
+  1.2  320.6 
+  0.5  334.7 
+  18.4  338.7 


99.0  +37.6  307.3 

132.9  +22.2  307.0 

83.3  +14.2  181.0 

193.2  0      322.1 

240.3  +73.8  396.9 
186.5  +22.1  325.8 
203.8  -  3.3  343.4 

250.7  +51.4  394.6 
223.3  +50.7  391.0 
246.2  +31.2  362.5 


184.8  0  305.6 
190.7  -  0.3  323.9 
212.1   +23.8  346.8 

231.3  +42.4  369.2 

190.4  0  303.9 
200.4  +16.2  319.7 
197.0  0  323.4 
210.0  +16.7  340.3 

258.9  +45.7  363.3 
220.0  +18.7  314.0 


Ee    Qm 


.068 
.069 
.079 
.111 

.139 
.158 
.149 
.164 

.166 
.171 


.492  620 
.430  615 
.517  538 
.400  382 

.627  304 
.655  26Q 
.487  285 
.662  269 

.654  272 
.680  248 


.124 
.143 
.144 
.166 
126 

.089 
096 
.157 
.120 
163 


472  359 
.567  310 
661  307 
597  274 
,436  338 

826  480 
616  442 
649  271 
408  363 
663  260 


411.1 
2 
3 

412.1 
2 

413 

414 

421.1 
2 
3 


082 
114 
078 

.172 
.186 
.159 
.180 

.199 
.177 
.203 


322  517 
433  372 
.460  548 

600  246 
.608  229 
.673  267 
.696  235 

.636  214 
.673  239 
.680  209 


.166 
.170 
.179 
.187 

.171 
.173 
.175 
.179 
.210 
.189 


604  266 
688  250 
.612  238 
.627  227 

626  248 
,647  245 
.610  242 
.617  237 
.713  202 
.700  224 


No. 


401.1 
2 
3 

402 

403 

404.1 
2 
3 

409.1 
2 


431 


441 

142 
443 


444.1 
2 
446 


451.1 
2 
3 
4 


452 


463 


19.57  117*  114  +72 
11.67  223*   79  +137 


1193 

1288 


130.1   +25.2  327.9,109 
218.0  +6S.6  423. 9^.170 


.397  388 
.614  250 


461 
466 


lUlic  figures  mean  aeBumed  Taluee. 
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c 
o 


C 

•J 

PQ 


r^iO'^frti     Q'Hcc  cocor^-^     ^oa  cor^C3«  ^OQ>o     92»2w^-  — 

X  o)  X  t^     o^  X  o  o^  O)  o>  ^     o>ao  odo^o^o^  o^ooxx     o^^o^Cwq: 

xr^  t^«ooix     eoo>  coxcoo  wowco     -^i-^xoiic 

oc^  co»cecoa     i-ioa  oo^«o  t^xx»H      io-^^^xccc^j 

CJcP'^J*®       h-COCO  "^Spoioi       ®Q0  »-•  t*  Q  X  h- h- CO  »0       -^  X 1^  o  "«r 

SM'^S       -^^C^  »C^OCO       OQ  Ot^»^  *HCOX^       co-^-i^^Sc 

§   -^Oi  O^C^t^       "^X  OX-^O  OiXOt^       OiiC«Clt- 

•Si-4b-cpOa       i-hN'^  gt^»CO>CD       COO  N05C0QQ  C0«i-iiO       cir^iiJoia:' 

I  «>(N(N»o      'S't^t^  55  -^^^^      ^co  coaScow  i«e5i-i»C      t^^oD^-© 

9  X     X        X  XXXX     XX  XX  XX     X     xxxxx 

•      w  25w«o      »C;o  »c»o  t^    .      CO      xox    -ic 

CO                w  31  '^ 

i   2J     -S  S88S   SS  88  88   8   88832 

H      Eh          Pui  HPmPhEh      HH  HH  HPm      H      HH^Hr- 

^T?nTc5      r-i^jco  i-ii-i(Nco  ^T5 

Nco         TjH  ^c^or^co-^^'w'  co^i«cpt^x»oo 

^ ^ cocococo       coco  coco coco       CO       cococo^rc 

f-HN^Tt^t^      ^"^  ^^x      coQMX  t^^Oi»c  G^^^-^     cocoes 

Xt^XOSX       XX  ^OSt>.       0ic5x»O  XXCOO  XXXt^t^       OiOiQC 

•C'^XOO       C^CO  "^l^O       U3'^C0t>»  "OOiOSTti  O  »0  N  X  O       « X  i- 

fH  ii  ii  ii  1-1  X-^X^O       CO  ®  ?D 

i-ii-"C^^  ^ 

TfiQCOOO       coo  t^0»0       i-ir^Ttii-l  iQCOfOOi  WSX-^WO       1-it^X 

f-ir>.t>^t^c^      xc^  ot^*t>     c^Qoix  c^cdoico  cooixcosg     »o»c«c 

»H             C^  C05DXt^»O       "^Oit^ 

a(JCi'^J<i-i«00       XCO  r-iC0»O       CO^nr^X  OCQ^CO  »CC0OOO       COiC® 

Scoco^x-^      c^ico  coQOJ      oor^icco  ^a^^^  ac'1JO^»f5Qco     t^^c 

S'HC^c^fHC^      c^t^  r^co          Oi;ocOi-i  -^xc^co  H»2f^©2Q     ^=gS^ 

rt  r-t         a  ^  ^ i> o Oi X     ^o© 

a  »opp»co     coco  co^o-^      ^^Tj4x  dosor^  o  ooicojptj.     S£S^ 

^  r-cot^-S-^      oS  XXX      XXXX  xxxr^  Q-^x^^co     ^xS 

0»0^0»0       ^ci  CO                  O  CO             CO  X                             M 

^^^^^        ^^  CO                   CO  CO              CO  Cl                               CO 

xxxxx     XX  X             X  XXX  X 

HriHn       hmi-hCO^  CO  "^QC^  >0 

t^xoaciOi       •    •  o»             1-1  c^         CO  csi                     CO 

<<^^^   ^8  G        8  8      8^  2S 

EhEhEhEhH      finP^  H              H H          H         H H 

'  COTt<  lO        CO'^  »CCD  COThlO  riC^CO-^^O        »-iC^CO 

1— (N  ^  C^  CO       N  1-4  C^                   1-4  ,-(             c^  ^                              ^ 
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[From  page  607] 

The  most  extensive  collection  of  data  as  to  lift-valve  engines 
(with  a  few  of  other  types)  is  that  of  "One  Hundred  Tests"  of 
engines  built  at  Augsburg,  by  J.  Krumper,  in  Z.  V.  D.  I.  for  1905, 
of  which  a  number  are  used  in  the  tables. 

The  two  engines  which  are  most  markedly  of  American  devel- 
opment are  the  large  compound  Corliss  and  the  large  triple-expan- 
sion pumping-engine.  The  use  of  the  higher  grades  of  expansion 
in  stationary  power  engines  belongs  mostly  to  European  practice. 

After  the  early  experiments  of  Isherwood  and  Emery,  the  com- 
paratively small  amount  of  data  that  is  available  as  to  the  steam- 
economy  of  marine  engines  comes  mostly  fromf  English  sources. 

As  to  the- quality  of  these  data,  it  must  be  understood  that  the 
results  got  by  special  tests  are  likely  to  be  quite  a  little  better  than 
the  average  working  of  engines  of  the  class.  Tests  are  generally 
made  when  the  engine  is  comparatively  new  and  in  good  condi- 
tion, with  a  minimum  of  leakage;  further,  poor  results  have  a 
tendency  to  be  suppressed  rather  than  to  be  made  public.  Occa- 
sionally reports  get  into  print  which  are  too  good  to  be  true;  a 
few  such  have  been  included  in  the  tables,  intentionally,  and  a 
few  remarks  in  r^ard  to  them  will  be  found  in  §  76  (n). 

§  76.  ObservationSy  Results,  and  Calculations. 

(a)  General  Conditions. — We  shall  now  take  up  the  matter 
presented  in  the  numerical  portion  of  Tables  A  to  D,  noting  the 
character  and  variation  of  the  leading  data,  reviewing  the  methods 
of  calculating  the  thermal  performance,  and  briefly  summarizing 
the  results  shown — thus  preparing  the  way  for  the  discussion  of 
certain  important  influences  upon  the  performance  of  both  engine 
and  turbine.  The  quantities  got  by  observation  are  given  on  the 
left-hand  page  (with  one  column  of  the  second  page),  and  are  the 
first  to  be  considered. 

Speed, — The  data  under  N  and  V  (R.P.M.  and  piston  speed) 
add  a  large  number  of  actual  examples  to  the  summary  presented 
in  §  41  (w).  In  Table  A  we  see  the  variation  from  9  R.P.M.  and 
160  ft.  in  an  old-fashioned  marine  engine  (No.  102)  to  100  R.P.M. 
and  800  ft.  in  a  quick-running  Corliss  (No.  115).     For  contem- 
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porary  practice,  the  widest  contrast  is  shown  in  Table  D,  between 
pumping  and  marine  engines.  The  abnormally  high  piston-speed 
in  No.  355  is  made  possible  by  a  mechanism  which  gives  the  pump 
a  shorter  stroke  than  that  of  the  engine  (4  ft.  instead  of  6  ft.). 
Running  over  these  columns  in  the  several  tables  we  find  that  the 
general  statements  in  §  41  (u)  are  very  well  supported. 

Speed  exerts  quite  an  influence  upon  the  performance  of  the 
steam  in  the  engine.  On  the  mechanical  side,  or  that  of  steam- 
movement,  low  speed  is  favorable;  the  high-speed  engine  must 
have  large  ports  (which  means  large  waste  spaces),  and  even  then 
is  likely  to  show  excessive  pressure-losses.  In  this  connection, 
inear  velocity  is  the  directly  determinant  influence:  although  we 
must  note  that,  with  steam-passages  of  a  proper  area  with  reference 
to  the  size  of  piston  and  its  mean  speed,  the  short-stroke  engine 
will  have  a  relatively  much  larger  clearance-volume  than  will  the 
long-stroke  machine  of  smaller  R.P.M. — that  is,  if  the  valves  can 
be  placed  at  the  ends  of  the  cylinder  in  both  cases.  Considering 
thermal  losses,  high  speed  becomes  desirable,  in  the  form  of  high 
R.P.M.  or  the  diminution  of  the  actual  time  occupied  by  the  cycle 
of  operations  within  the  cylinder. 

Speed  is,  of  course,  a  prime  factor  in  the  capital  cost  of  the 
power  plant;  upon  it  depends  very  largely  the  rate  of  work  that  can 
be  got  out  of  a  given  size  and  weight  (or,  approximately,  cost)  of 
engine.  In  many  cases,  of  course,  the  designed  speed  of  the  engine 
is  fixed  by  the  service  for  which  it  is  intended. 

(6)  Pressures. — ^The  limiting  pressures — p^,  from  which  steam 
is  admitted,  and  p,  to  which  it  is  exhausted— determine  the  possi- 
ble magnitude  of  the  energy-transformation  process;  they  are  here 
reduced  to  absolute  values,  so  as  to  eliminate  the  variant  atmos- 
pheric pressiu^  and  to  put  them  into  shape  for  use  in  subsequent 
calculations. 

A  properly  full  report  of  an  engine-test  should  give  steam- 
pressure  at  boiler,  at  engine-throttle,  perhaps  in  steam-chest,  in 
exhaust-pipe,  and  in  condenser,  besides  the  highest  admission- 
pressure  and  the  mean  and  lowest  exhaust-pressure  from  the  in- 
dicator diagrams.  Actual  tests  covering  a  wide  range  of  time  and 
conditions  vary  greatly  as  to  the  fullness  and  accuracy  of  what  they 
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do  give.  In  the  tables  it  is  intended  that  all  the  pressure-losses 
from  the  steam  as  supplied  at  the  inlet  point  and  all  back-pressure 
above  a  nearby  exhaust  outlet  shall  be  included  in  the  working  of 
the  engine. 

After  an  inspection  of  the  boiler-pressure  column,  we  may  sum- 
marize what  is  shown  as  to  various  lines  of  practice  about  as  follows 
now  giving  gage-pressure  rather  than  absolute: 

Going  back  to  I860,  we  see  simple  marine  engines  on  steam  at 
25  lbs.  Simple  power  engines  of  the  usual  types  work  on  70  to  90 
lbs.,  compound  engines  on  110  to  150,  triples  and  high-ratio  com- 
pounds on  120  to  200 — ^the  higher  values  belonging  to  the  more 
recent  installations.  The  locomotive  carries  180  to  220  lbs.  In 
modem  ships  with  water-tube  boilers  it  is  quite  usual  to  make 
steam  at  300  lbs.,  then  reduce  it  to  250  lbs.  at  the  engine,  with  the 
idea  of  drying  the  steam  by  throttling-action — although  in  the 
adoption  of  this  scheme  there  does  not  seem  to  be  a  very  clear 
appreciation  of  the  smallhess  of  the  thermal  action  involved  in  this 
pressure-change,  the  difference  in  total  heat  being  only  5  B.T.U. 

In  regard  to  pressure-losses,  it  may  be  stated  as  a  rough  general- 
ization that  for  well-arranged  engines  which  govern  by  cut-oflf  and 
run  on  "full  throttle",  the  drop  from  boiler  to  cylinder  will  range 
from  3  to  7  per  cent.,  becoming  even  greater  with  early  cut-off  and 
more  wire-drawing  by  the  engine-valve.  In  non-condensing  en- 
gines with  free  exhaust,  the  back-pressure  above  atmosphere  is  likely 
to  be  from  0.5  to  1.5  lbs.,  and  is  often  a  good  deal  higher.  With 
a  condenser  showing  an  absolute  pressure  of  1.5  to  2.0  lbs.  (26  to 
27  ins.  of  vacuum),  the  additional  back-pressure  in  the  cylinder 
will  usually  be  from  0.5  to  1.0  lb.  In  the  turbine,  where  high 
vacuum  can  be  much  more  effectively  utilized,  this  pressure-differ- 
ence is  diminished  by  the  emplo3nnent  of  very  large  and  short 
exhaust-connections. 

The  greatest  back-pressure  is  foimd  in  the  locomotive,  due 
partly  to  rather  small  passages,  very  largely  to  the  choke  of  the 
exhaust-nozzle.  To  get  a  working  basis  for  the  locomotive  tests 
which  would  make  this  engine  properly  comparable  with  the  others, 
an  arbitrary  rule  was  adopted  by  the  writer,  as  follows: 

If  Pb  is  the  average  back-pressure  above  atmosphere  in  the 
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cylinder,  measured  from  the  diagrams,  then  the  relation  between 
Py^  and  the  exhaust-pressure  p^  properly  chargeable  to  the  engine 
alone,  as  distinguished  from  the  blast-apparatus,  was  taken  to  be 


Pb                          P2A 

Pb 

PsA 

ft 

P.*. 

1  or  less  15.0 

4 

16.6  . 

8 

20.0 

2              15.5 

5 

17.3 

9 

•     21.0 

3              16.0 

6 

7 

18.0 
19.0 

10 

22.0 

Of  the  important  observed  quantities  in  a  test,  the  exhaust- 
pressure  in  a  condensing  steam-plant  is  the  one  which  has  usually 
been  determined  with  the  least  accuracy,  especially  in  the  earlier 
work.     Discussion  of  this  point  will  be  found  in  §  77  (6). 

(c)  Expansion  of  the  Steam. — The  behavior  of  the  steam, 
both  in  general  and  in  detail,  can  best  be  shown  graphically,  as  by 
the  representative  diagrams  in  §  69.  As  a  rough  measure  of  the 
degree  of  expansion,  the  initial  cu1>-ofr  e  and  the  total  ratio  of  ex- 
pansion r  are  here  given,  for  all  the  cases  where  the  original  report 
contained  the  necessary  data.  The  ratio  thus  expressed — see  the 
definition  on  page  603 — may  differ  quite  a  little  from  the  true  ratio 
of  the  final  to  the  initial  effective  volume  of  the  working  steam, 
which  would  be  got  by  the  method  of  §  19  (/),  easily  extended  to 
the  compound  engine,  and  very  conveniently  applied  directly  to 
the  combined  diagram. 

The  general  purpose  of  all  the  economy  devices,  especially  com- 
poimding  and  steam-jacketing,  is  to  make  possible  a  full  expansion 
of  the  steam  in  the  engine,  without  the  development  of  overwhelm- 
ing losses  on  account  of  thermal  interactions;  but  since  the  primary 
measurement  of  economy  depends  only  on  power  and  steam-con- 
sumption, we  see  that  the  form  of  the  steam  diagram  has  chiefly  a 
qualitative  value,  showing  how  and  why  certain  results  are  secured, 
but  not  in  itself  making  known  the  value  of  the  results.  These 
considerations  reinforce  the  initial  statement  of  this  article  as  to  the 
advantage  of  a  diagram  over  the  tabulation  of  measurements  ex- 
pressed numerically. 

(d)  Mean  Pressure. — ^The  mean  effective  pressure  pa,  reduced 
to  the  L.P.  piston  in  all  the  multiple-expansion  engines,  is  chiefly  of 
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importance  as  one  of  the  two  factors  determining  the  power  of  the 
engine;  and  in  comparison  with  the  initial  pressure  p^  it  helps  to 
indicate  the  amount  of  expansion  that  is  realized.  The  first  ques- 
tion to  be  settled  in  designing  an  engine  which  shall  work  under 
certain  conditions  is  the  value  of  this  mean  pressure.  The  examples 
in  the  tables  vary  quite  widely,  but  it  is  fairly  representative  to  say 
that  most  of  the  simple  engines  develop  their  normal  power  on  from 
30  to  40  lbs.  M.E.P.,  while  for  the  higher  ratio  engines  the  majority 
of  values  lie  within  the  range  from  20  to  25  lbs.  In  general,  the 
transportation  engines,  both  locomotive  and  marine,  show  higher 
mean  pressures  or  a  greater  concentration  of  power.  Further  data 
on  this  point  have  been  given  in  Tables  70  A  to  C,  in  connection 
with  the  subject  of  cylinder  proportions. 

(e)  Horse-power  and  Steam-consumption. — These  two  quan- 
tities are  overwhelmingly  the  most  important  determinations  in  a 
steam  test ;  and  their  accurate  measurement  is  less  simple  than  may 
at  first  sight  appear,  and  is  by  no  means  always  realized.  The  in- 
dicator is  not  an  instrument  of  precision,  although  with  reasonable 
and  proper  care  and  skill  it  will  give  substantially  correct  results. 
The  measurement  of  engine-power  is  most  difficult  when  the  load 
fluctuates,  and  it  is  always  desirable  to  secure  a  steady  and  uniform 
load  during  the  time  of  the  test,  if  possible.  The  typical  case  of 
irregular  fluctuation  is  found  in  a  generator-engine  supplying  power 
for  electric-railway  service.  As  an  example  of  the  method  which 
gives  the  best  results  imder  such  conditions,  we  may  cite  the  large 
engine  in  Test  259  Tabled  here  the  effective  power  was  measured 
electrically,  and  to  it  was  added  the  combined  engine  and  gen- 
erator losses  as  found  by  "motoring''  the  unit  with  the  engines 
empty.  This  same  scheme  can  be  used  with  turbines,  when,  how- 
ever, it  will  include  rotation  losses  also,  besides  the  electrical  and 
purely  mechanical  wastes  of  power. 

As  to  the  measurement  of  steam  used,  there  is  obviously  more 
room  for  error  in  the  feed-water  method,  and  the  tests  must  be  of 
considerable  length  (at  least  four  or  five  hours),  in  order  to  min- 
imize the  uncertainty  as  to  the  exact  quantity  of  water  held  in  the 
boiler.  With  a  good  surface-condenser  the  runs  may  be  much 
shorter,  say  of  one  hour's  duration.    With  large  and  complicated 
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engineB  there  will  be  a  number  of  subsidiary  quantities  to  measure 
in  the  way  of  separator,  receiver,  and  jacket-drains. 

The  magnitude  of  the  steam-consumption  can  be  better  dis- 
cussed after  the  thennodynamic  efficiency  has  been  developed  as 
a  criterion  of  performance,  and  this  side  of  the  subject  will  be 
foimd  in  Arts.  (I)  to  (n). 

(/)  Quality  op  Steam. — The  moisture-fraction  m  and  the 
superheat  ts  are  given  in  the  same  column,  since  they  cannot  be 
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Fio.  685. — CaUendar^ff  Curves  for  Specific  Heat  of  Superheated  Steam:  from 
paper  by  Prof.  H.  L.  Callendar  in  Phil.  Trans.  Hoy.  Soo.,  1902.  fs*- 
degrees  of  Buperheat,  Fahr.;  c«-Gfpecific  heat  under  constant  pressure- 
each  curve  shows  how  c  varies  for  the  absolute  steam-pressure  marked 
on  the  curve. 

coexistent.  As  to  the  former,  quite  one-half  of  the  values  are  here 
assumed;  since  so  many  of  the  tests  were  made  before  the  steam- 
calorimeter  came  into  general  use.  In  the  matter  of  superheat 
the  chief  question  is  the  amoimt  of  heat  involved,  given  imder  A. 
To  get  this  the  writer  has  used  Callendar's  curves,  reproduced  in 
Fig.  685.  The  mean  values  of  c  for  the  given  range  and  pressure 
are  estimated  from  the  diagram,  with  graphical  interpolation,  and 
are  used  in  calculating  h  and  w.  It  is  not  given  in  the  table  on 
account  of  lack  of  space,  but  can  easily  be  found  by  dividing  h  by 
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/».  Callendar's  curves  are  by  no  means  the  last  word  on  the  sub- 
ject of  the  specific  heat  of  superheated  steam,  but  are  quite  accu« 
rate  enough  for  all  practical  purposes  in  the  present  connection. 
It  will  be  noted  that  the  writer's  independent  suggestion  in  Fig. 
190  is  along  the  same  line. 

ig)  Heat-consumption. — The  derivation  of  the  heat  of  forma- 
tion Q  of  one  poimd  of  the  steam  used  in  the  engine  is  outlined  in 
the  definition,  §  75  (d).  The  feed-water  supplied  to  the  boiler  is 
made  up  chiefly  of  water  at  the  ideal  temperature  ^  belonging  to 
exhaust  steam  of  the  pressure  PjaJ  with  this  is  mixed  the  hot  water 
from  the  jackets  and  heaters.  Thus  in  Test  117  the  exhaust  tem- 
perature is  113.5®;  of  the  poimd  of  feed-water,  .065  lb.  is  condensed 
steam  from  the  jackets,  coming  supposedly  at  the  full  temperature, 
316.0°.  With  water  at  113.5°,  the  heat  of  formation  4  of  dry 
steam  at  85.0  lbs.  absolute  pressure  would  be  1096.7  B.T.U.  Now 
the  jacket-water  contains,  per  pound,  (gi—gj)=287.0— 81.6=205.4 
B.T.U.  above  water  at  113.5°;  therefore  the  .065  lb.  forming  a  part 
of  each  pound  of  feed-water  brings  .065X205.4=13.3  B.T.U., 
which  we  call  ^h-  The  heat  Q^  is  diminished  by  this  q^,  and  also 
by  the  fraction  m  of  the  latent  heat,  or  A,  equal  to  .02x891  =  17.8; 
then  Q=  1096.7- 13.3- 17.8=  1065.7.  The  calculations  are  all 
made  with  the  degree  of  numerical  accuracy  here  indicated,  but  the 
last  figure  is  dropped  from  the  larger  numbers  in  the  table. 

(A)  Temperature  op  Feed-water. — ^Thus  to  take  the  feed- 
temperature  at  its  maximum  attainable  value  makes  the  thermo- 
dynamic eflSciency  B^  belong  to  the  engine  alone,  and  not  to  the 
plant  as  a  whole.  With  the  very  best  heating  appliances  the  water 
supplied  to  the  boiler  will  be  somewhat  below  the  ideal  tempera- 
ture, the  heat  deficiency  per  pound  ranging  from  as  little  as  5 
B.T.U.  with  a  non-condensing  engine  and  open  feed-heater  to  at 
least  15  B.T.U.  with  a  condenser.  In  the  latter  case  the  tempera- 
ture of  the  exhaust  steam  will  always  be  less  than  that  correspond- 
ing to  the  pressure,  because  this  pressure  is  partly  due  to  the  air 
mixed  with  the  steam;  and  further,  the  attamment  of  nearly  the 
full  temperature  of  the  steam  in  the  exhaust-pipe  involves  the  use 
of  a  large  surface  heater,  which  is  rather  exceptional. 
<   Instead  of  using  the  ideal  feed-temperature,  which  is  essentially 
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the  same  as  (t^+qa) — numerical,  not  algebraic  sum — we  should 
come  nearer  to  practical  conditions  by  taking  the  best  attainable 
temperature  at  from  5  to  20  degrees  less,  according  to  conditions. 
Then  the  value  Ej^  got  with  the  increased  Q  as  divisor  would  be 
the  plant-efficiency  with  the  best  possible  feed-heating  system;  and 
any  further  increase  in  Q  or  drop  in  feed-water  temperature  would 
be  chargeable  to  fault  in  this  part  of  the  plant,  as  distinct  from  the 
engine.  But  since  the  proper  allowance  in  any  case  would  be 
rather  a  matter  of  guesswork,  it  has  seemed  better  to  adhere  to 
the  scheme  which  has  been  defined  and  used. 

The  actual  feed-temperature  is  lacking  in  many  reports,  and 
very  often  it  was  much  lower  during  the  test  than  in  normal  running, 
on  account  of  special  arrangements  for  measuring  the  water;  there 
was  therefore  not  enough  data  to  fill  a  column  in  the  tables,  but 
from  the  records  of  a  number  of  good  tests  the  conclusion  has  been 
drawn  that  in  a  condensing  plant,  where  the  supply  is  taken  from 
the  hot-well,  the  temperature  of  the  water  delivered  to  the  feed- 
pipe is  likely  to  be  from  15  to  30  degrees  less  than  the  ideal  maxi- 
mum. Just  as  the  condenser-discharge  is  quite  a  little  cooler  than 
the  exhaust  steam,  so  also  is  the  jacket-discharge  likely  to  be  cooled 
by  radiation,  having  somewhere  near  the  same  deficiency  in  heat- 
content  per  unit. 

(i)  Regenerative  Feed-heating. — An  essential  feature  of  the 
pure  Rankine  cycle  is  that  the  reception  of  heat  from  the  fire  by 
the  water  begins  at  the  temperature  of  the  engine-exhaust.  When 
the  engine  has  steam-jackets  or  reheaters  the  cycle  is  modified, 
first  by  the  withdrawal  of  a  part  of  the  steam  from  the  working- 
operation;  secondly  by  the  entrance  into  the  exhaust  of  some  of 
the  heat  from  this  steam.  In  other  words,  the  jacket-steam 
rejects  its  latent  heat  into  the  cylinder-walls,  its  water-heat  above 
<2  into  the  feed-water,  and  only  the  heat  below  t^  into  the  exhaust. 
The  underlying  idea,  of  abstracting  some  heat  from  the  working- 
steam  at  high  temperature  (above  the  exhaust)  and  returning  it  to 
the  feed-water  with  little  or  no  drop,  is  most  fully  worked  out  in 
the  scheme  of  regenerative  feed-heaters;  this  has  been  quite  fully 
outlined  in  §  69  (h)  and  is  represented  by  Tests  365  and  366.  The 
term  ''regenerative"  comes  from  the  analogy  to  the  brickwork 
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chambers  in  the  Siemens  furnace,  which  absorb  and  store  heat  from 
the  escaping  hot  gases,  then  on  the  reversal  of  currents  supply  this 
heat  to  the  entering  cool  gases.  Here  the  heat  is  not  stored,  but  is 
taken  out  of  the  temperature-lowering  phase  of  the  cycle  on  one 
side,  and  put  right  into  the  temperature-raising  phase  on  the  other 
side,  with  the  least  possible  amount  of  drop. 

The  two  tests  just  referred  to,  Nos.  365  and  366,  differ  from  the 
others  in  that  q^  is  not  calculated  from  an  observed  proportion  of 
the  jacket-steam,  but  is  simply  the  difference  in  heat-content  be- 
tween feed-water  at  the  actual  temperature  in  the  last  heater  and 
at  the  ideal  exhaust-temperature  ^.  These  feed  temperatures  were 
311°  and  334.5°  in  the  respective  cases. 

It  must  be  clearly  imderstood  that  this  system  can  be  advan- 
tageously applied  only  when  the  engine  works  under  steady  condi- 
tions, of  load  especially. 

(j)  Performance  per  Pound  op  Steam. — ^The  energy-quanti- 
ties W,  w,  and  W^  are  sufficiently  explained  by  the  definitions  in 
§  75  (d)  and  the  reference  in  §  73  (a).  It  is  here  considered  most 
simple  and  logical  to  take  the  pound  of  steam  as  the  basal  unit,  as 
against  the  rather  prevalent  practice  of  calculating  heat-quantities 
per  horse-power  and  per  unit  of  time,  or  for  the  whole  plant  per 
unit  of  time. 

To  make  clear  the  methods  used  in  getting  the  numbers  in  the 
tables,  it  may  be  well  to  work  out  an  example  or  two. 

Example  1. — Test  117,  already  used  in  Art.  (g)  to  illustrate  the  cal 
culation  of  Q,  has  the  following  leading  data: 

PiA  =85.0,  PaA  =  1.4,  Su  =20.7,  m  =  .02. 

To  find  TF  =2545  ^20.7  =  123.0  is  very  simple. 
For  w  we  use  Eq.  (430), 

J^  or  10  =  —  m,6i(/,  —  i,) : 
from  the  Steam-tables  IV.  and  XI., 

^ -316.0,  <a- 113.5,  ^  - 1.149; 
and  by  substitution  we  get 

«;  -  -  .02  X 1 .  149  X 202.5  -  -  4.65  B.T.U. 
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To  get  Wr  we  interpolate  in  Table  XII.  to  find  E: 


[GBAP.xm. 


Take  E  at  p,-1.4,  p^ -80 258.53 

Difference  from  pi  »=80  to  pi  -90  is 7.67 

Add  0.5  of  this  to  258.53^  getting 262.37 

Combinir    JE  with  E  we  have 

Wa,  -262.4  -4.7  -257.7  B.T.U. 

Example  2. — ^In  Test  134.2  the  fundamental  quantities  are 

Pu  - 159.5,  pu.  -0.71,  Sb  - 16.68,  (.  -227°. 

Then  IF -2545  ^16.68 -152.6 

For  w  we  must  now  use  Eqs.  (431)  to  (433). 

From  Fig.  685  the  specific  heat  Ci  is  taken  to  be  0.615. 

Then  the  heat  added  is  A -0.615X227 -139.6  B.T.U. 

The  upper  temperature  t^  bemg  363°  F.  or  823°  AF.,  the  entropy  of 
superheating  is 

*r        «o/^o      /.^.irl        823+227 

Ns  -2.303  X0.615  log      ^^^ 

-2.303X0.615X0.1058 
-0.1497 


18 


The  rejection-temperature  is  T,  -91  +460  -551,  and  the  heat  rejected 

JVear, -0.150X551  -82.6  B.T.U. 
Subtracting  this  from  the  heat  received  we  have 
JE  or  w-^  139.6-82.6 -57.0 B.T.U. 


To  get  E  from  Table  XII.  we  must  now  use  double  interpolation:  re- 
producing the  necessary  part  of  the  table,  and  inserting  the  differences^  we 
have 

160 


P. 
0.7 

0.8 


150 


Pi 


332.80 

4.12 

336.92 

p.-    0.71 

6.22 

6.19 

Pt-l59Z 

326.58 

4.16 

330.73 

I 
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Start  with  the  smallest  number 326.58 

0.71  is  0.9  of  the  way  from  0.8  to  0.7, 

therefore  add  0.9x6.20 5.58 

159.5  is  0.95  of  the  way  from  150  to  160 

therefore  add  0.95  X4.12 3.92 

The  value  sought  is 336.08 

To  this  336.1  add  57.0,  getting  393.1  for  TFr. 
Note. — The  examples  are  worked  out  largely  with  the  slide-rule,  so 
that  the  numbers  may  not  be  precise  to  the  last  figure. 

(k)  The  Unit  op  Steam-quantity. — ^With  the  idea  of  bringing 
the  results  of  different  engine-tests  to  a  better  condition  for  com- 
parison, many  engineers  have  adopted  the  scheme  of  reducing 
actual  steam-consumption  to  equivalent  dry  steam,  somewhat  as  in 
a  boiler-test  the  evaporation  is  always  reduced  to  equivalent  steam 
from  and  at  212^.  The  idea  is,  properly,  to  replace  the  actual  steam 
(wet  or  superheated)  by  an  amount  of  dry-saturated  steam  which 
will  have  the  same  heat-content:  and  the  question  at  once  arises. 
Above  what  starting-point  shall  the  steam-heat  be  measured?  For 
engine-efficiency  pure  and  simple,  as  in  our  tables,  the  initial  state 
would  be  that  of  the  ideal  feed-water;  for  the  plant  efficiency,  the 
actual  feed-temperature  must  be  used;  and  with  different  starting- 
points  the  reduction  factor  will  be  different.  On  account  of  this 
last  consideration,  the  writer  has  preferred  to  give  the  actual  weight 
of  steam  in  every  case,  and  to  incorporate  its  quality  into  the  calcu- 
lation of  the  thermal  quantities  per  pound.  The  occasional  prac- 
tice of  simply  subtracting  moisture  from  total  steam  and  calling 
the  remainder  the  dry  steam  consumed  by  the  engine  is  in- 
excusable. 

(0  Absolute  Efficiency. — ^This  quantity,  the  ratio  of  work 
got  out  to  heat  put  in  (Ba=  W-^Q),  is  the  primary  measure  of  the 
economy  of  the  engine.  Summarizing  what  is  shown  by  the  tables, 
but  without  stopping  at  this  point  to  study  conditions,  we  make 
the  following  generalization: 
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TYPE  OP  ENGINE  EFFICIENCY 

Simple  engines,  Table  A 07  to  .13 

Small  high-speed,  Nos.  211  to  216 09  to  .13 

Compound  locomotives,  Nos.  201  to  204  ...  .11  to  .13 

Large  high-speed  engines,  Nos.  224  to  228, 
234  to  244 14  to  .18 

Compound  Corliss-type  engines  with  satu- 
rated steam  and  with  moderate  super- 
heat, Nos.  251  to  257,  259,  281  to  285. . .   .15  to  .19 

Modem  high-superheat   compoimds,   Nos. 

291,  292 20  to  .21 

High-ratio  compounds  and  triples,  Nos.  271 
to  274,  301  to  316 18  to  .20 

High-grade  pumping  engines,  Nos.  333  to 
358 18  to  .22 

Good  average  marine  engines 15  to  '.17 

The  record  is  held  by  the  regenerative-heater  engines,  Nos.  365 
and  366. 

(m)  Limit  op  Plant-epficiency. — Before  going  into  a  closer 
examination  of  realized  performance,  it  may  be  well  to  emphasize 
and  illustrate  the  fact  that  the  engine-eflSciency  as  here  expressed 
is  the  upper  limit  of  the  steam-efBciency  of  the  whole  plant.  If  we 
were  to  make  the  allowance  of  15  to  30  B.T.U.  called  for  in  Art. 
(/i),  Q  would  be  increased  by  from  1.5  to  3  per  cent,  and  Ej^  dimin- 
ished by  from  one-sixtieth  to  one-thirtieth  of  its  value  as  tabulated; 
and  the  result  would  be  the  efficiency  of  the  whole  plant  if  no  addi- 
tional steam  were  used  by  auxiliaries. 

When  the  essential  pumps — condenser-pump,  feed-pump,  and 
any  special  contrivances  for  retummg  the  jacket-water — are  all 
driven  by  the  main  engine  itself,  there  will  be  no  additional  steam- 
consumption,  but  the  effective  power  of  the  engine  will  be  dimin- 
ished by  two  or  three  per  cent.  Practically,  the  direct-driving 
system  is  advantageous  only  when  the  load  is  very  steady,  as  in 
pumping  plants. 

The  generally  better,  in  fact  the  ideal,  scheme  is  to  use  the 
exhaust  steam  from  separate  pumps  to  heat  the  feed-water.    If 
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the  latter  is  taken  from  the  hot-well,  and  if  the  exhaust  can  all  be 
condensed  (in  an  open  or  mixing  heater,  and  without  raising  the 
water  up  to  212°),  we  have  that  all  the  heat  coming  from  the  boiler 
in  this  steam  is  returned,  except  the  small  amount  spent  in  the 
effective  work  of  the  pumps.  Provided  only  that  there  is  enough 
margin  in  water-temperatures  for  this  complete  condensation  (or 
not  too  much  exhaust),  we  have  a  case  where  the  power  developed 
in  the  auxiliaries  costs  practically  nothing:  or,  as  a  different  form 
of  statement,  the  auxiliary  plant  is  now  working  at  unit  efficiency, 
because  none  of  its  rejected  heat  is  wasted.  With  this  simple  cir- 
culation of  heat — from  the  boiler,  then  nearly  all  back  again — the 
auxiliaries  have  practically  no  influence  upon  the  efficiency  of  the 
plant,  which  is  determined  wholly  by  the  main  engine.  This  ar- 
rangement is  closely  analogous  to  the  working  of  an  injector  in 
boiler-feeding:  but  when  we  include  condenser-pump  as  well  as 
feed-pump,  not  quite  all  the  energy  goes  back  into  the  boiler. 

If  the  steam  from  the  pumps  is  wasted,  as  when  these  exhaust 
into  the  condenser,  the  ratio  of  steam  to  effective  output  is  in- 
creased for  the  plant  as  a  whole.  Auxiliaries  developing  from  2 
to  5  per  cent,  of  the  power  of  the  main  engine  may  easily  use  from 
5  to  15  per  cent,  of  the  total  steam.  The  larger  values  are  for  small 
plants  with  pumps  in  bad  condition;  and  so  great  a  proportion  of 
steam  could  not  all  be  utilized  in  feed-heating  according  to  the 
scheme  just  described. 

When  it  is  impossible  to  heat  the  feed-water,  as  in  a  locomotive, 
the  plant -efficiency  is  bound  to  be  much  lower  than  that  of  the 
engine  alone. 

(n)  Relative  Efficiency. — ^This  is  the  most  important  cri- 
terion of  engine-performance,  since  it  takes  account  of  the  main 
determining  conditions  under  which  the  thermodynamic  operation 
is  carried  out,  and  shows  how  much  margin  there  is  between  iactual 
efficiency  and  the  ideal  maximum.  It  is  by  studying  their  effect 
upon  this  ratio  that  we  can  most  intelligently  estimate  the  value  of 
the  various  schemes  and  expedients  used  to  reduce  the  wastes  in 
the  engine.  And  it  is,  further,  a  very  effective  check  upon  over- 
high claims  as  to  the  results  got  in  certain  tests. 

In  the  tables  we  see  values  ranging  all  the  way  from  0.35  (No. 
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331)  to  0.85  (No.  115).    Considering  the  general  run  of  results,  we 
may  divide  this  range  as  follows: 

Rather  poor  performance 0.40  to  0.50 

Fairly  good 0.50  to  0.60 

Very  good 0.60  to  0.70 

Exceptional above  0.70 

This  applies  to  engines  working  at  or  near  the  most  economical 
load;  with  heavy  overloads,  and  especially  with  very  light  loads, 
there  will  be  a  great  falling  ofif  in  efficiency,  and  the  range  below 
0.40  will  be  invaded.  Far  down  in  this  range  are  the  small  steam- 
pumps,  which  may  use  as  much  as  100  to  200  lbs.  of  steam  per 
horse-power-hour.  Of  certain  remarkably  high  results,  such  as 
those  in  tests  Nos.  113,  115,  152,  224,  227,  and  284,  we  can  only  say 
that  they  are  too  good  to  be  true;  while  some  others,  like  Nos,  172, 
304,  and  perhaps  344,  are  on  the  border-line  of  credibility. 

In  Tests  365  and  366  the  basis  of  comparison  is  not  the  same  as 
for  the  other  engines.  Here  the  actual  efficiency  Ej^  is  divided  by 
the  Camot-cycle  efficiency  {T^—  T^/T^,  printed  in  the  space  under 
w  and  TTr.  The  writer  is  inclined  to  believe  that  the  remarkable 
efficiencies  shown  in  Test  366  are  not  to  be  fully  accepted  without 
further  confirmation,  as  by  the  tests  of  this  or  similar  engines. 

§  77.  Discussion  of  Engine  Tests. 

(a)  Effects  of  Size  and  Speed. — While  it  is  entirely  true  that 
increase  in  size  and  in  speed  both  make  for  a  reduction  of  thermal 
losses,  it  is  not  easy  to  show  a  gradation  in  E  according  to  these 
influences,  because  this  requires  a  comparison  of  different  engines, 
with  many  elements  of  variation — such  a  comparison  being  far  less 
clear  and  satisfactory  than  those  that  can  be  made  when  a  single 
element  is  varied  in  the  working  of  the  same  engine.  The  effect  of 
size  is  perhaps  best  shown  in  the  group  of  compound  Corliss  engines 
in  the  first  half  of  Table  C.  A  conspicuous  advantage  of  large  size 
is  that  it  renders  unnecessary  special  contrivances  for  obviating 
thermal  losses,  such  as  the  steam-jacket,  and  thereby  greatly  sim- 
plifies and  cheapens  the  engine. 
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The  bad  effect  of  very  low  speed,  even  when  coupied  with  great 
size  of  cylinder,  is  strikingly  shown  by  Fig.  686,  which  is  of  interest 
as  one  of  the  classic  examples  that  first  brought  home  to  the  minds 
of  engineers  and  scientists  the  fact  and  the  importance  of  cylinder- 
condensation.  These  diagrams  are  here  all  laid  out  to  represent  the 
performance  of  one  pound  of  steam,  with  the  same  scales  that  are 
used  in  §  69,  and  with  the  constant-weight  curve  for  the  pound 
drawn  in  full  line.  The  initial  condensation  is  more  than  50  per 
cent,  for  the  earliest  cut-off  (at  about  one-eighth  of  the  stroke); 
and  we  have  here  an  imusually  clear  case  of  condensation  continuing 
past  cut-off,  as  indicated  by  the  drop  of  the  expansion-curve  below 


Fig.  686.— Diagrams  from  Isherwoods  Tests  of  S.S.  Michigan,  Test  101. 


the  hjperbola.  In  showing  an  excessive  thermal  interaction  these 
tests  helped  to  make  clear  the  fallacy  of  the  early  view  that  it  was 
profitable  to  carry  out  a  very  high  rate  of  expansion  in  a  single 
cylinder,  thus  hastening  the  advent  of  the  compound  engine. 

The  most  striking  case  of  variation  in  the  speed  of  an  engine 
under  test  is  seen  in  No.  141 :  while  a  very  clear  example  of  the 
effect  of  speed-change  is  given  in  the  first  four  tests  of  the  simple 
locomotive.  No.  181,  where  E^  rises  steadily  with  the  speed.  In 
the  compounds,  Nos.  201  to  204,  gain  along  this  line  is  neutralized 
by  increasing  pressure-losses.  The  last  test  of  No.  181  was  made 
with  the  steam  throttled,  hence  the  lower  efficiency  there  shown. 

(h)  Pressure-range. — A  very  important  fact  that  becomes 
evident  by  a  study  of  the  JS?r  column  of  Tables  A  and  B  is  that  the 
non-condensing  engines  develop  a  much  larger  proportion  of  their 
ideally  possible  performance  than  do  those  with  vacuum  exhaust — 
the  difference  being  greater  with  simple  than  with  compound  en- 
gines.   This  is  partly  due  to  a  greater  cylinder-condensation  on 
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account  of  larger  temperature-ranges;  but  the  chief  reason  is  that 
it  does  not  pay  to  make  the  cylinder  big  enough  for  the  full  utiliza- 
tion of  the  large  specific  volumes  of  steam  at  very  low  pressures. 
Very  considerable  "incompleteness  of  expansion"  is  to  be  seen  in 
Figs.  597  to  608,  and  in  the  lower-ratio  engines  of  Tables  A  and  B 
this  effect  is  much  more  marked.  Not  only  is  it  commercially  in- 
advisable to  make  the  (low-pressure)  cylinder  so  very  large,  but  the 
purely  technical  efficiency  would  be  but  little  increased,  because  the 
f rictional  resistance  will  become  too  great  relative  to  the  low  effective 
steam-pressure. 

The  fact  that  a  change  in  the  exhaust-pressure  has  only  a  small 
influence  upon  the  total  efficiency  Ej^  of  the  engine  (as  compared 
with  its  effect  upon  the  ideal  output  TF^)  is  one  reason  why,  in  a 
great  many  of  the  earlier  tests,  less  than  the  desirable  attention  has 
been  paid  to  the  accurate  measurement  of  pj;  and  it  also  accounts 
for  some  rather  erratic  variations  in  E^.  Perhaps  the  most  essen- 
tial difference  between  the  steam-turbine  and  the  engine,  as  regards 
the  steam-action  in  its  total  effect,  is  found  in  the  fact  that  the  tur- 
bine can  take  very  full  advantage  of  the  low-pressure  range,  while 
not  equal  to  the  engine  at  high-pressure.  This  makes  the  produc- 
tion of  good  vacuum  very  important  in  the  turbine  plant,  and  inci- 
dentally leads  to  a  careful  measurement  of  its  amount. 

(c)  Variation  of  Efficiency  with  Load. — The  determination 
of  this  relation  is  one  of  the  most  important  results  of  an  engine 
test;  but  to  save  space  we  have  not  given  any  series  runs  in  the 
tables,  preferring  to  illustrate  this  part  of  the  subject  by  plotted 
curves.  The  first  example,  Fig.  687,  accompanies  Fig.  686.  In 
this  marine  engine  the  speed  varies  with  the  power,  but  rather 
irregularly  as  shown  by  the  curve  marked  N,  To  get  a  smoother 
basis  for  the  curves,  the  I.H.P.  measured  as  abscissa  is  not  the  true 
power,  but  that  which  v/ould  be  developed  with  the  actual  M.E.P. 
and  at  the  average  (and  uniform)  speed  of  15  R.P.M.  Then  the 
ratio  of  expansion  r  varies  as  plotted.  The  most  important  curve 
is  that  of  the  steam-consumption,  S^  (pounds  per  indicated  horse- 
power-hour). The  shape  of  this  curve  is  characteristic,  S^  rising 
with  overload  on  account  of  incomplete  expansion  and  with  under- 
load because  of  great  thermal  losses. 
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Typical  curves  covering  a  wider  range  of  load  are  given  in  Fig. 
688.  The  total-steam  curve  S  (pounds  per  hour)  is  quite  often 
plotted,  since  it  gives  rather  a  better  idea  of  the  performance  at 
very  light  loads.  If  S^  were  constant,  S  would  follow  a  straight 
line  towards  the  origin  0.  The  point  of  tangency  of  the  line  OA 
with  the  curve  of  S  corresponds  with  the  minimum  value  of  8^. 
It  is  of  interest  to  see  how  much  (or  how  little)  S  rises  above  AO 
as  the  load  falls  off,  ance  this  is  a  criterion  of  the  ability  of  the 
engine  to  carry  a  light  load  economically. 
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Fig.  687.— <Jurves  for  Tests  of  S.S. 
Michigan.  Test  101.  B.  F.  laher- 
wood,  1861. 

PiA=36,P2A=2.1,iV-15. 


Fig.  688.  —  Simple  Non-condensing 
Corliss  Engine,  16X42.  G.  H. 
Bamis,  1893,  E.  R.,  July  22,  '93-124. 

p^=  112,  p^= 14.7,  iV-86.5. 


A  very  instructive  lot  of  results  are  plotted  in  Fig.  689,  of  great 
interest  as  showing  the  effect  of  different  degrees  of  compounding; 
marking  the  curve  N  and  J  distinguishes  non-jacketed  and  jacketed 
operation.  The  principal  curves  show  steam-consumption,  of 
course,  and  we  see  how  the  best-load  value  of  Sj^  is  diminished  by 
increasing  the  expansion;  if  the  steam-pressure  had  been  propor- 
tionately raised,  the  compound  and  triple  would  show  up  even 
better.  Under  neither  of  these  latter  conditions  is  the  engine 
carried  beyond  what  should  be  considered  its  rated  load.  Note 
how  long  is  the  range  of  power  over  which  both  compound  and 
triple  curves  are  nearly  horizontal.  The  curves  marked  E  show 
mechanical  efficiency,  and  will  receive  comment  in  Art.  (/). 
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Fig.  690  shows  the  working  of  a  number  of  good  engines.  The 
noticeable  thing  about  I.  is  the  flatness  of  the  Sh  curve,  or  the  way 
that  S  points  right  toward  the  axis.  The  same  rather  imexpected 
variation  is  strongly  shown  in  IV. ;  and  the  engine  of  Test  236  (not 
here  plotted)  worked  in  the  same  manner.  The  kind  of  curves  at 
11.  (similar  to  Fig.  688)  is  what  is  generally  considered  to  be  charac- 
teristic of  the  engine,  and  too  little  curvature  throws  doubt  upon 
the  light-load  measurements.    A  plausible  explanation  is  this: 


150 


0  H  SO  100 

Fig.  689.— -Tests  «f  Experimental  Corliss  Engines  at  Sibley  College,  Cornell 
University— in  Tables,  Tests  112,  251,  301. 


1  Simple 

2  Compound 

3  Triple 


9 

9,      16 

9,    16,    24 


X  36 
X  36 
X  36 


PlA 


«130J  ^^^«^«^ 


When  a  compoimd  engine  has  been  running  under  a  certain  load 
and  is  then  suddenly  changed  to  a  lighter  load,  the  influence  of  the 
former  condition  persists  for  quite  a  while,  the  stored  heat  in  the 
metal  seeming  to  exert  an  influence  entirely  out  of  proportion  to 
its  actual  amount.  The  three  tests  just  referred  to  are  all  short- 
time,  surface-condenser  tests;  so  that  we  may  very  properly  ques- 
tion the  reliability  of  the  light-load  determinations  without  reflect- 
ing upon  the  experimenters.  The  peculiar  action  just  described 
was  quite  strongly  brought  out  in  the  discussion,  before  the  Am. 
Soc.  M.  E.,  of  the  tests  plotted  in  Fig.  689. 

The  curves  numbered  III.  on  Fig.  690  show  exceptionally  good 
results  for  so  small  an  engine  with  saturated  steam.     In  this  engine 
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the  ideas  of  reducing  the  surface-area  of  the  clearance-spaces  and 
of  steam-jacketing  all  surfaces  as  far  as  possible  are  very  fully 
carried  out.  The  piston  takes  the  form  of  two  disks,  so  far  apart 
on  the  rod  that  the  space  between  them  always  remams  in  com- 
munication with  a  port  which  opens  through  the  cylinder-wall  from 
the  jacket-space. 


2Q000 


10,000 


"H  500  1000    -  '  1500 

Fig.  690. — ^Tests  of  Compound  Condensing  Engines. 
I.  Vertical  Mcintosh  &  Seymour,  23,  48X48;  see  Fig.  602. 

PiA=  168,  iNr=  102.        L.  S.  Marks,  A.  S.  M.  E.,  25-443. 
II.  Horizontal  Corliss  Engine,  20,  40X42;  Test  257. 

PiA=  1^»  ^"=  121.        I.,  II.,  Black  lines  show  rated  power. 
Ill,  Cockerill-Francois  Double-piston  Engine,  14.8,  25.6X29.5. 

p^=  150,  iV- 121.        H.  Hubert,  1904.     Enq.  1905,  II.  56 
IV.  Vertical  High-superheat  Engine,  21,36X36;  Test  292. 
PiA=  132,  N'^  101.     /b= 380  to  400^ 

The  performance  of  a  couple  of  very  large  generator  engines  is 
set  forth  in  Fig.  691.  The  results  are  left  in  the  terms  in  which  they 
were  measured,  Sk  being  poimds  of  steam  per  kilowatt-hour.  Since 
it  includes  both  mechanical  and  electrical  losses,  increasing  in  rela- 
tive amoimt  at  light  loads,  the  curve  of  /Sk  should  rise  much  more 
rapidly  toward  the  left  than  would  the  curve  of  5h.    The  curves 
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marked  A  and  B  for  engine  II.  show  the  effect  of  changing  the 
manner  of  variation  of  the  receiver-pressure,  or  of  the  division  of 
work  between  the  cylinders.  When  running  out  into  the  overload 
region,  raising  the  receiver-pressure  will  chiefly  act  to  diminish  loss 
by  receiver-drop,  and  this  accounts  for  the  better  performance  in 
case  B.  As  on  the  last  figure,  the  short  heavy  vertical  lines  mark 
rated  load. 


II, 


X  2000  4000  6000 

Fig.  691. — Very  Large  Compound  Corliss  Ekigines. 
Three-cylinder  Vertical,  44,  75.6-75.6X60;  Test  271. 

New  York  Edison  Co.,  Waterside  Station;  Westinghouse  Mach.  Co. 
Horizontal-vertical  Duplex,  42,  86X60;  Test  259. 

Interborough  (Subway)  Power  House,  New  York;  AUis-Chalmers  Co. 


(d)  Effect  of  Jackets  and  Heaters. — ^The  evidence  of  the 
tabulated  tests  as  to  the  degree  of  economy  produced  by  these 
devices  is  decidedly  variant.  A  summary  is  set  forth  in  Table  77  A, 
where  all  the  cases  of  experiment  upon  the  same  engine  with  and 
without  jackets  are  collected  and  compared.  Under  N  and  J  is 
given  the  steam-consumption  per  horse-power-hour,  Sh,  for  the 
respective  cases,  while  under  "Gain"  is  the  difference  (N— J)  ex- 
pressed as  a  percentage  of  N:   a  plus  value  means  saving  by  the 
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Table  77  A.    Effect  of  Jackets  and  Heaters. 


No. 

N 

J 

Gain 

No. 

N 

J 

Gain 

104 

26.3 

23.2 

+  12.7% 

258 

11.6 

11.2 

+  3.6% 

112 

23.5 

22.9 

-f  2.5 

271 

12.1 

12.7 

-4.6 

118 

19.8 

19.3 

+  2.5 

274 

11.3 

11.5 

-1.7 

119 

24.7 

19.3 

+  21.9 

301 

15.3 

13.9 

+  8.9 

216  A 

23.8 

23.1 

+  2.9 

304 

10.4 

10.4 

-0.2 

216  C 

20.0 

19.6 

+  1.7 

332 

16.9 

16.6 

+  2.1 

233 

16.9 

17.1 

-  1.0 

342 

14.3 

13.8 

+  3.0 

243 

14.4 

13.6 

+  5.8 

351 

14.1 

13.8 

+  1.8 

251 

16.5 

18.0 

-  9.1 

371 

23.2 

21.3 

+  8.4 

252 


19.3        20.4 


-  5.8 


jackets,  a  minus  value,  loss.  The  more  recent  tests,  on  larger  and 
better  engines,  show  but  small  differences.  In  this  connection  it 
will  be  well  to  review  the  statements  made  under  Fig.  601. 

An  essential  and  quite  important  characteristic  of  jacket-action 
is  well  brought  out  by  the  curves  in  Fig.  689.  At  full  load,  the  use 
or  non-use  of  the  jackets  is  largely  a  matter  of  indifference;  but 
under  light  load,  where  the  influences  tending  to  cause  cylinder- 
condensation  are  stronger,  the  jacket  makes  decidedly  for  economy. 
This  leads  us  to  the  conclusion,  which  has  been  crystallized  from 
general  experience,  that  when,  on  accoimt  of  small  size  of  cylinder, 
low  speed,  early  cut-off,  or  a  big  temperature-range,  the  cylinder- 
walls  tend  to  be  very  active  thermally,  the  jacket  will  be  valuable; 
but  under  the  contrary  condition  the  jacket  is  less  useful,  and  may 
even  waste  more  steam  than  it  saves.  Fig.  689  gives  further  a  con- 
spicuous example  of  the  contradictory  evidence  to  be  met  with 
along  this  line:  running  simple  or  triple  there  is  better  performance 
with  jackets  and  reheaters,  running  compound,  without  them — and 
there  is  no  apparent  reason  for  the  difference. 

The  function  of  a  reheater  in  the  receiver  is  to  furnish  dry  steam 
to  the  lower  cylinder,  and  thereby  diminish  the  tendency  to  initial 
condensation.  This  involves  the  re-evaporation  of  the  moisture 
due  to  work  done  in  the  preceding  stage,  and  unless  there  is  ample 
heatingnsurface  the  re-evaporation  may  be  incomplete,  and  so  very 
little  be  gained.  A  thoroughly  soimd  view  of  the  principles  in- 
volved is  embodied  in  the  scheme,  applied  in  some  of  the  best  en- 
gines, of  passing  exhaust  from  the  higher  cylinder  through  a  sepa- 
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rator,  thus  removing  most  of  the  water  mechanically,  and  then 
drying  and  even  superheating  the  steam  before  it  goes  to  the  next 
cylinder.  Using  boiler-steam  to  evaporate  water  which  at  best  can 
then  work  through  only  a  part  of  the  full  temperature-range  is  not 
economical. 

An  incidental  advantage  of  all  these  steam-heating  devices  is 
the  return  of  some  heat  to  the  boiler,  discussed  in  §  76  (^).  If  the 
plant  is  so  arranged  that  this  hot  water  is  not  or  cannot  be  added 
to  the  boiler-feed,  an  unnecessary  loss  is  incurred. 

(e)  Superheating. — In  order  to  form  a  proper  judgment  of  the 
economic  value  of  superheating,  we  must  go  beyond  the  mere  de- 
crease in  steam-consumption,  and  consider  the  thermal  efficiency, 
both  absolute  and  relative.  In  applying  this  criterion,  we  must 
remember  that  if  the  engine  can  midnt^  E^  undiminished  as 
superheat  is  added,  there  will  be  some  gain  in  Ej^  because  the  ideal 
performance  is  better  when  a  part  of  the  heat  is  received  at  tem- 
peratures above  the  boiling-point;  if  E^  increases,  there  will  be  yet 
more  advantage  gained. 

The  few  tests  which  offer  a  chance  for  direct  comparison  are 
gathered  together  in  Table  77  B,  where  values  of  J5^  arc  given 
under  T  and  P  for  saturated  and  for  superheated  steam,  and  "  Gain" 
is  the  percentage  of  P  over  T.  Other  tests,  notably  Nos.  221,  222, 
224-228,  244,  292,  and  304,  show  excellent  performance  by  engines 
with  superheated  steam,  but  there  are  no  cases  with  saturated 
steam  which  are  in  other  respects  enough  like  these  for  a  numer- 
ical comparison. 

Table  77  B.    Effect  of  Superheating. 


No. 


Gain 


102  96  .078  .086  +10.3% 

134  227  .136  .122  -10.3 

171  231  .064  .115  +79.8 

201-4  93  .122  .134  +10.* 


No. 


Gain 


282  129  .155  .176  +12.2% 

291  375  .171  .201  +17.6 

314  230  .188  .206  +  9.6 

316  213  .196  .213  +  8.7 


In  only  one  case,  No.  134,  is  there  a  lower  efficiency  with  super- 
heat; while  the  greatest  gain  is,  naturally,  found  in  the  small  simple 

*  Here  the  seven  tests  under  Nos.  201  to  203  are  averaged,  also  the  three 
under  204,  and  the  means  are  compared. 
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engine  like  Nos.  171  and  172,  where  superheating  is  the  only  influ- 
ence toward  economy.  The  tests  on  larger  engines  appear  to  show 
an  advantage  of  from  10  to  15  per  cent.  How  great  is  the  com- 
mercial value  of  this  thermal  gain  is  a  question  that  is  determined 
chiefly  outside  of  the  engine  itself.  The  engine  for  superheated 
steam  is  likely  to  be  the  simpler  in  construction,  since  there  is  no 
logical  place  for  the  steam-jacket;  the  only  expedient  along  this 
line  is  a  reheater  through  the  tubes  of  which  the  whole  steam- 
supply  is  passed  on  its  way  to  the  first  cylinder.  The  weakest  point 
in  a  plant  of  this  type  will  be  the  superheating  surface,  which  is 
under  much  more  trjdng  conditions  than  that  used  for  evaporation; 
it  is  therefore  liable  to  rapid  deterioration,  and  will  have  to  be  re- 
newed at  comparatively  short  intervals.  And  where  a  separately- 
fired  superheater  is  used,  there  will  be  a  larger  proportional  waste 
of  fuel  in  banking  fires  than  with  the  larger  grates  of  the  boiler 
proper. 

In  this  latter  connection,  we  may  differentiate  moderate  super- 
heating, up  to  say  150°  F,  which  can  be  carried  out  in  an  apparatus 
forming  a  part  of  the  heating-system  of  the  boiler,  and  high  super- 
heat, up  to  300°  F.,  which  requires  a  separate  apparatus  with  its 
own  fire.  To  put  the  superheater  at  a  point  in  the  hot-gas  circula- 
tion of  the  boiler  where  the  gases  will  be  hot  enough  to  raise  steam 
200°  to  300°  above  the  boiling-point  will  render  these  tubes  liable 
to  dangerous  overheating  if  the  boiler  is  pushed  hard — although  a 
good  deal  can  be  done  to  overcome  this  difficulty  by  using  special 
dampers  to  divide  the  hot-gas  current  so  that  only  a  portion  will 
pass  through  the  superheater. 

Taking  account  of  extra  cost  of  plant,  both  initial  and  for  main- 
tenance, it  does  not  appear  that  the  use  of  superheat  offers  much 
advantage  over  a  well-designed  engine  with  saturated  steam. 

(/)  Mechanical  Efficiency. — In  connection  with  the  data 
presented  in  Tables  75  F  and  G,  it  will  be  well  to  refer  to  the  general 
discussion  in  §  39.  The  brake  horse-power,  or  the  effective  output 
of  the  engine  alone,  is  given  only  in  the  "Power  Engine"  group  of 
Table  G,  where  we  see  normal-load  values  ranging  from  0.82  to 
0.96.  A  most  instructive  lot  of  results  is  partly  tabulated  in  Nos. 
112,  251,  and  301,  and  more  fully  plotted  in  the  efficiency  curves 
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on  Fig.  689.  These  data  from  the  Sibley  College  engine  show  first 
of  all  how  greater  complexity  of  the  machine  increases  the  f rictional 
loss,  although  the  disproportionate  increase  due  to  the  low-pressure 
section  seems  to  indicate  some  local  imperfection;  another  point  of 
great  interest  is  the  small  change  in  the  friction  power,  under 
"Diff.",  with  variation  of  the  load  in  any  particular  condition  of 
operation. 

The  locomotive  tests  in  Table  G  were  all  made  with  the  dyna- 
mometer right  back  of  the  locomotive,  instead  of  its  being  behind 
the  tender  as  is  unavoidable  in  .a  road  test;  the  engine-friction  is 
then  increased  only  by  the  effect  of  the  weight  carried  on  the  axles. 

With  the  pumping-engine,  the  scheme  generally  used  is  to 
measure  the  pressure  in  the  suction-pipe  and  in  the  discharge-pipe, 
near  the  pump;  to  these  is  added  the  pressure  due  to  the  vertical 
"head"  between  the  gages,  and  the  result  is  the  resistance  against 
which  the  plunger  works,  and  is  used  as  the  M.E.P.  in  calculating 
the  pump  horse-power.  By  this  method  the  work  of  overcoming 
the  water-friction  is  not  included  in  the  effective  output  of  the 
pumping-engine,  or  this  work  is  added  to  the  machine-friction. 
Considering  the  further  fact  that  in  many  cases  the  feed  and  con- 
denser pumps  are  directly  driven  and  their  power-consumption  in- 
cluded under  "Diff.",  we  see  that  the  large  vertical  pumping- 
engine  is  a  remarkably  efficient  machine.  The  high  mechanical 
performance  in  Nos.  331  to  337  would  naturally  be  expected  from 
engines  of  the  Worthington  type.  The  low  efficiency  in  No.  354  is 
due  to  the  fact  that  the  power  developed  by  two  of  the  cylinders 
has  to  be  transmitted  through  the  crank-shaft,  to  help  drive  the 
one  pump-plunger,  which  is  tandem  with  the  third  cylinder. 

The  tests  of  combined  engine  and  generator  xmits  in  Table  G 
indicate  quite  good  engine  efficiencies.  The  exceptional  values  in 
No.  271  can  only  be  accounted  for  by  the  assumption  that  the  in- 
dicator-measurements were  not  quite  correct.  And  it  may  be  re- 
marked that  too  high  thermal  efficiency  in  Test  152  joins  with  the 
abnormally  low  mechanical  efficiency  to  suggest  a  similar  imre- 
liability  of  the  indicated  power. 
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§  78.  Discussion  of  Ttsrbine  Tests. 

(a)  General  Considerations. — In  the  compilation  of  Table 
75  E,  the  aim  has  been  to  select  good  representative  tests  of  the 
various  types  of  turbines.  In  some  cases,  very  little  information 
is  available  beyond  what  is  here  directly  represented;  but  for  the 
more  prominent  types  selection  has  been  made  from  a  large  mass 
of  data,  the  fuller  presentation  of  which  would  only  confirm  the 
results  here  given.  The  general  uniformity  in  kind  of  service  and 
in  working  conditions  produces  a  correspondingly  small  variation 
in  the  performance  of  turbines  of  any  particular  type. 

Where  a  large  series  of  tests  has  been  reported  from  the  works 
of  the  builders,  those  in  charge  of  outside  experts  have  been  pre- 
ferred. Of  the  references  to  Stodola,  several  are  original,  the  others 
are  thus  given  as  most  likely  to  be  accessible  to  the  reader.  Much 
information  along  this  line  will  be  found  in  Steam  Turbine  Engi- 
neering, by  Stevens  and  Hobart. 

The  computed  values  in  this  table  are  largely  dependent  upon 
the  ideal  steam  per  indicated  horse-power-hour,  S^:  this  is  based 
upon  assumed  mechanical  and  electrical  efficiencies,  as  noted  in 
§  75  {e)j  which  are  taken  at  what  seem  to  be  good  probable  values 
in  order  to  make  the  thermodyna^c  results  comparable  with  those 
of  engine  tests.  Comparing  Table  E  with  F  and  G,  we  see  that,  as 
is  reasonable,  the  turbine  has  been  credited  with  higher  mechanical 
efficiency  than  the  engine:  it  was  not  intended  that  the  rotation- 
losses — see  §  73  (m) — should  be  included  in  the  assumed  E^,  but 
that  they  should  rather  be  considered  a  part  of  the  thermal  waste. 
Then  by  so  much  as  the  turbine  is  considered  more  efficient  me- 
chanically when  deriving  Sh,  by  that  much  is  a  comparison  based  on 
Ej^  or  E^  unduly  favorable  to  the  engine.  Work  delivered  to  the 
rotor  per  pound  of  steam  is  here  emphasized  rather  than  effective 
output:  for  the  latter  point  of  view  a  direct  comparison  of  actual 
steam-consumption  as  given  in  Tables  E  and  F,  with  due  regard  to 
variant  conditions,  is  all  that  is  required. 

(6)  Single-stage  Turbines. — Of  the  De  Laval  tests.  No.  401  is 
rather  a  special  experiment,  intended  to  prove  the  availability  of 
very  high  superheat.    The  steam-consumption  Sb  for  No.  402  is 
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fully  plotted  in  Fig.  692,  with  the  purpose  of  showing  the  working 
of  the  scheme  of  nozzle-control  by  hand- valves;  each  curve  bears  a 
number  indicating  how  many  nozzles  were  open.  The  thermal 
efficiencies  are  low,  but  that  is  to  be  expected  with  the  low  ratio  of 
vane-speed  to  steam-velocity  in  such  small  machines.  Better  re- 
sults are  given  in  Tests  403  and  404,  the  latter  plotted  in  Fig.  693^ 
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Fig.  092. — De  Laval  Turbine,  rated 
50  H.P.,  Test  402. 


Fig.  693.— De  Laval  Turbine,  rated 
300  H.P.,  Test  404. 


where  A  marks  performance  with  saturated  steam,  B  with  super- 
heated •  here  again,  the  numbers  at  the  points  on  the  S^  curve  show 
how  many  nozzles  were  open.  The  efficiencies  are  very  good  for 
a  comparatively  small  unit. 

The  special  single-stage  Riedler-Stumpf  turbine.  No.  409,  has 
already  been  described  in  §  71  (c). 

(c)  Single-impulse  Turbines. — ^To  represent  the  next  group 
in  the  table,  the  Rateau  and  Zoelly  tubrines,  Figs.  694  and  695, 
are  plotted.  The  first  shows  characteristic  curves  for  the  steam- 
turbine  in  general,  that  of  S^  continually  descending  as  the  load 
increases,  out  to  an  overload  which  will  require  the  by-pass  valve 
(as  on  Fig.  620  at  B)  to  be  opened:  if  this  is  done,  the  curve  will 
show  a  hump. 

Fig.  695  represents  the  low-pressure  turbine,  which  is  run  on  the 
exhaust  from  non-condensing  engines:  here  the  limiting  pressures, 
below  the  control-valve  and  at  exhaust,  are  also  plotted.  In  Test 
413,  where  a  decided  superheat  is  shown,  it  is  evident  that  the 
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turbine  was  run,  not  with  exhaust  steam  through  a  Rateau  "ao- 
cumulator",  but  with  steam  reduced  in  pressure  by  throttling. 
Confirming  what  has  been  said  in  §  77  (6),  these  tests  show  a 
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Fia.  694. — Zoelly  Turbine,  rated  500    Fig.  695. — Low-pressure  Rateau  Tur« 
H.P.,  Test  421.  bine,  rated  700  H.P.,  Test  414. 

high  efficiency  in  the  utilization  of  the  low  pressure-range.  The 
very  reasonable  suggestion  has  been  made  that  a  plant  composed 
of  high-pressure  engines  and  low-pressure  turbines  would  be  more 
efficient  than  one  with  either  type  of  prime-mover  alone. 

(d)  The  Curtis  TuRBiNE.--Qf  this  group  of  tests,  No.  441  is 
plotted  in  Fig.  696  because  it 
covers  a  wide  range  of  load.  Both 
saturated  and  superheated  steam 
was  used,  the  curves  being  marked 
T  and  P  for  these  two  cases;  and 
along  the  S-g,  curve  for  superheated 
steam  the  degrees  of  superheat  are 
marked.  It  will  be  noted  that 
Test  441.2,  with  ^s=290°,  is  not 
shown  on  Fig.  696.  The  relative 
efficiency  keeps  remarkably  close 
to  60  per  cent,  for  the  whole 
group,  taking  an  upward  jump 
only  at  No.  445. 


FlQ. 


800 


696.— Curtis  Turbine,  rated  600 
Kw.,  Test  441. 


The  tests  from  small  Elektra  turbmes,  No.  431,  give  rather  low 
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efficiencies,  as  might  be  expected  from  both  the  size  and  the  design. 
Here  the  first  test  is  from  a  single-stage  turbine,  the  second  from  a 
compound  turbine  with  both  stages  in  use,  the  third  from  the  com- 
pound with  only  the  first  stage  working. 

(e)  The  Parsons  Turbine. — ^A  large  number  of  tests  of  the 
Westinghouse-Parsons  turbine  are  given  in  the  paper  of  Mr.  Hodg- 
kinson  before  the  Am.  Soc.  M.  E.  in  1904,  from  which  Nos.  451  and 
452  are  taken.  Of  these.  No.  452  is  chosen  for  illustration,  as 
showing  a  high  range  of  overload,  beyond  the  rated  power  marked 
by  the  blacked  ordinate  on  the  figure;  opening  of  the  bypass  or 
overload  valve  is  indicated  by  the  rise  at  the  right. 


142      90 

142     215    .ifljB 

199     190 


2000 


FiQ.  697. — ^Westinghouse-Parsons 
Turbine,  Test  452. 


Fig.  698. — Brown-Boveri-Parsons 
Turbine,  Test  453. 


The  best  published  performance  by  a  Parsons  turbine  is  that  in 
Test  453,  laid  out  in  Fig.  698.  Curves  are  drawn  for  different  con- 
ditions of  pressure  and  superheat,  as  marked  on  the  figure. 

Of  the  last  two  tests  in  the  Table,  it  may  be  said  that  the  Union 
turbine  is  too  small  for  high  efficiency,  while  the  other  shows  up 
well  enough  for  the  first  of  the  type. 

(/)  Effect  of  Vacuum. — It  is  generally  shown  by  tests  that 
there  is  a  steady  gain  in  economy  of  steam  with  increasing  vacuum. 
The  examples  in  Table  75  E  which  offer  a  chance  for  fair  com- 
parison are  collected  in  Table  78  A:  Tests  442  and  443,  at  first 
sight  making  up  another  effective  pair,  have  really  too  many  ele- 
ments of  variation — in  superheat  and  in  design  of  working-parts,  as 
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well  as  in  vacuum.  Differences  in  initial  pressure  must  be  con- 
sidered in  Nos.  409  and  411,  so  that  a  direct  comparison  of  steam- 
consumptions  cannot  well  be  made. 

Table  78  A.    Effect  of  Vacuum. 


No. 

AA 

PSA. 

'Sb.k 

k 

^A 

En 

409.1 
2 

203 

185 

2.14 
1.22 

13.7  B 
12.3 

129 
109 

.156 
.171 

.564 
.580 

411.3 
2 

224 
169 

2.15 
1.64 

22.1  K 
22.6 

129 
119 

'  .144 
.143 

.561 
.567 

461.1 
2 

170 
169 

1.46 
0.99 

14.4  B 
13.9 

116 
102 

.166 
.170 

.604 

.588 

452.1 
3 

162 
161 

1.42 
0.94 

19. 5K 

18.8 

114 
100 

.171 
.175 

.624 
.610 

462.2 
4 

161 
161 

1.42 
0.93 

18. 6K 
17.6 

114 
100 

.173 
.179 

.627 
.617 

One  thing  made  clear  by  even  these  few  tests  is  that  an  advantage 
in  steam  used  does  not  represent  an  equal  gain  in  thermal  perform- 
ance: ^  is  given  to  show  how  rapidly  the  ideal  feed-temperature 
falls  with  the  vacuum;  and  the  effect  of  the  resulting  increase  in 
the  steam-heat  Q  is  seen  in  the  smaller  relative  difference  between 
the  values  of  Ej^  than  between  those  of  S^  or  S^.  The  production 
of  extra  good  vacuum  requires  a  very  considerable  increase  in  the 
condenser-equipment,  which  means  that  there  will  be  more  exhaust 
from  the  auxiliaries  for  heating  the  feed- water;  but  this  extra 
steam  helps  to  neutralize  a  gain  in  the  main  apparatus.  It  is  safe 
to  say  that  while  the  turbine  can  utilize  low  exhaust-pressure  much 
better  than  can  the  engine,  there  is  yet  a  Umit  below  which  it  is 
not  practically  or  commercially  profitable  to  carry  the  reduction; 
and  with  some  machines  the  limit  may  be  higher  than  has  been 
thought.  In  the  last  three  examples  of  Table  78  A  the  falling  off 
in  En  with  decrease  of  p,  suggests  that  this  limit  may  have  been 

8ed. 

This  brings  us  to  the  point  that  ability  to  utilize  fully  the  lower 
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part  of  the  pressure-range  is  partly  a  matter  of  the  design  and  pro- 
portioning of  the  turbine;  the  last  stages  must  be  made  big  enough 
in  sectional  area  of  steam-channel  and  in  size  of  vane^  just  as  a 
multiple-expansion  engine  must  have  a  very  large  L.P.  cylinder  to 
get  the  benefit  of  full  expansion.  An  incidental  advantage  of  the 
turbine  is  the  rapid  decrease  of  the  steam-friction  as  the  pressure  is 
lowered — apparently  the  chief  source  of  gain  in  the  big  single-disk 
turbine  of  No.  409 — while  in  the  engine  internal  friction  relatively 
increases  as  the  last  cylinder  is  made  larger.  In  both  machines  the 
low-pressure  portion  will  act  merely  as  a  drag  at  Ught  loads,  but 
here  again  it  seems  that  the  advantage  will  lie  with  the  turbine. 

(g)  Effect  of  Superheat. — ^A  number  of  comparisons  of  tests 
which  were  essentially  the  same  except  for  the  absence  or  presence 
of  superheat  are  made  in  Table  78  B,  all  the  examples  being  taken 
from  Table  75  E.  In  terms  of  steam-consumption  there  is  evident 
a  decided  saving;  but  when  we  transform  to  thermal  economy  the 
gain  is  much  less.    A  small  improvement  in  relative  efficiency  is 

Table  78  B.    Effect  of  Superheat. 


No. 

PiJL 

Pail 

*B 

Sb.k 

J^A 

«K 

401.1 
3 

99 
99 

14.5 
14.6 

604 

39.5  B 
25.7 

.068 
.079 

.492 
.517 

404.1 
3 

221 
222 

1.67 
1.47 

84 

15. 5B 
13.9 

.158 
.164 

.555 
.562 

421.1 
3 

159 
160 

1.03 
0.99 

7 
77 

21.5  K 
19.8 

.157 
.163 

.549 
.563 

441.1 
2 

165 
165 

1.0 
1.0 

290 

19. 8K 
15.9 

.172 
.185 

.600 
.608 

451.2 
3 
4 

169 
165 
168 

0.99 
0.98 
0.93 

104 
180 

13. 9B 

12.5 

11.5 

.170 
.179 
.187 

.588 
.612 
.627 

452.1 
2 

162 
161 

1.42 
1.42 

76 

19. 5K 
18.5 

.171 
.173 

.624 
.627 

452.3 
4 

161 
161 

0.94 
0.93 

78 

18.8  K 
17.6 

.175 
.179 

.610 
.617 
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shown  in  every  case,  but  the  gain  in  absolute  efficiency  is  not  large 
enough  to  justify  some  of  the  rather  high  claims  which  have  been 
made.  That  superheat  is  of  more  value  in  the  turbine  than  in  the 
engine  is  not  substantiated  by  these  tests,  although  the  difficulties 
in  the  way  of  applying  it  are  less  than  where  there  are  valves  and 
pistons.  It  is  claimed  further  that  steam-friction  is  diminished  by 
superheating,  and  that  the  wear  on  vanes  is  less  than  with  wet 
steam,  and  these  advantages  are  decidedly  useful. 

A  general  review  of  the  test  tables,  comparing  steam-turbines 
with  engines  of  good  design,  will  show  that  the  turbine  has  not  yet 
quite  come  up  to  the  engine  in  heat-economy.  The  one  field  in 
which  the  turbine  has  shown  marked  superiority  is  that  of  ship- 
propulsion.  A  close  determination  of  the  power  of  a  marine  tur- 
bine is  impossible;  but  it  appears  to  keep  well  up  with  the  stationary 
turbine  in  economy,  while  the  marine  engine  is  far  behind  the  best 
land  engines. 
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TABLE  XL 
SUPPLEMENT  TO  STEAM-TABLE. 
This  table  covers  very  closely  the  range  of  pressure  below 
atmosphere,  furnishing  conveniently  and  accurately  numerical 
quantities  which  are  of  importance  in  the  calculation  of  ideal  steam- 
performance.  The  symbols  are  the  same  as  in  §§  9  and  13  and  in 
Table  IV.,  namely: 

p=»  absolute  pressure,  pounds  per  square  inch; 

<«  steam  temperature  or  boiling-point,  degrees  Fahrenheit; 

g=heat  of  liquid,  above  32^  F.; 

ff«  total  heat  of  steam,  above  32°  F.; 

«=»  specific  volume,  cubic  feet  per  pound  of  steam; 

a = entropy  of  water-heating  )        &  iq  m 

6  =»  entropy  of  evaporation      )        ^       ^  ^' 
The  volume  «  is  calculated  by  means  of  the  formula  ps^****=483 
— Eq.  (61),  §  10  (i) — and  will  be  found  not  quite  to  agree  with  the 
values  given  in  the  first  part  of  Table  IV. 

TABLE  XII. 

PERFORMANCE    OF  THE  RANKINE  CYCLE  WITH  SATURATED 

STEAM. 

The  numbers  in  the  body  of  the  table  give  the  output  in  B.T.U. 
from  one  pound  of  steam,  when  the  cycle  operates  between  the 
upper  pressure  pj  at  the  top  of  the  table  and  the  lower  or  exhaust 
pressure  p,  at  the  side — ^both  pressures  being  absolute  and  ex- 
pressed in  poimds  per  square  inch.  For  the  use  of  this  quantity 
refer  to  §  73(a),  §  75  (d),  and  §  76  (j).  It  is  the  same  thing  as  AU' 
in  Tables  16  A  and  B  and  E  in  Table  24  A  and  Table  V. 

To  save  the  trouble  of  referring  to  the  Steam-tables,  values  of 
the  total  heat  H^  and  of  the  feed-water  heat  g,  are  here  given,  so 
that  the  heat  received  per  poimd  of  steam,  which  is 

can  be  easily  obtained  for  any  conditions.    The  ideal  absolute 
efiiciency  is  E-i-Q. 

061 
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Properties  of  Saturated  Steam 


p 

t 

Q 

H 

r 

• 

a 

6 

0.1 

34.97 

2.97 

1092.60 

1089.67 

2878 

.00602 

2.20149 

0.2 

53.30 

21.31 

1098.20 

1076.90 

1501 

.04239 

2.09800 

0.3 

64.70 

32.72 

1101.67 

1068.96 

1026 

.06438 

2.03728 

0.4 

73.11 

41.14 

1104.24 

1063.10 

783 

.08030 

1.99390 

0.5 

79.83 

47.87 

1106.29 

1058.43 

636 

.09284 

1.96067 

0.6 

86.48 

53.62 

1108.01 

1054.49 

535 

•.  10325 

1.93314 

0.7 

90.36 

58.40 

1109.50 

1051.10 

463 

.11218 

1.90993 

0.8 

94.64 

62.70 

1110.81 

1048.10 

408.5 

.11996 

1.88970 

0.9 

98.50 

66.57 

1111.98 

1045.41 

365.7 

.12602 

1.87182 

1.0 

102.00 

70,09 

1113.06 

1042.96 

331.2 

.13318 

1.85580 

1.1 

105.20 

73.29 

1114.03 

1040.74 

302.9 

.13888 

1.84136 

1.2 

108.16 

76.26 

1114.93 

1038.67 

279.1 

.14412 

1.82813 

1.3 

110.92 

79.03 

1115.77 

1036.74 

258.9 

.14898 

1.81592 

1.4 

113.50 

81.62 

1116.67 

1034.95 

241.6 

.15351 

1.80462 

1.6 

115.92 

84.05 

1117.30 

1033.25 

226.4 

.15773 

1.79408 

1.6 

118.20 

86.34 

1117.99 

1031.65 

213.1 

.16170 

1.78424 

1.7 

120.37- 

88.52 

1118.65 

1030.13 

201.3 

.16547 

1.77495 

1.8 

122.43 

90.59 

1119.28 

1028.69 

190.7 

.16902 

1.76620 

1.9 

124.40 

92.56 

1119.88 

1027.32 

181.3 

.17241 

1.75791 

2.0 

126.28 

94.45 

1120.46 

1026.00 

172.8 

.17564 

1.75002 

2.1 

128.08 

96.26 

1121.00 

1024.74 

165.0 

.17872 

1.74252 

2.2 

129.81 

98.00 

1121.53 

1023.53 

158.0 

.18167 

1.73536 

2.3 

131.47 

99.67 

1122.04 

1022.37 

151.5 

.18449 

1.72852 

2.4 

133.07 

101.28 

1122.53 

1021.25 

145.6 

.18720 

1.72197 

2.6 

134.61 

102.83 

1123.00 

1020.17 

140.1 

.18981 

1.71570 

2.6 

136.10 

104.32 

1123.45 

1019.13 

135.1 

.19233 

1.70966 

2.7 

137.56 

105.78 

1123.89 

1018.11 

130.4 

.19477 

1.70382 

2.8 

138.95 

107.19 

1124.32 

1017.13 

126.0 

.19713 

1.69819 

2.9 

140.31 

108.56 

1124.73 

1016.17 

121.9 

,19941 

1.69274 

3.0 

141.63 

109.89 

1125.14 

1015.25 

118.1 

.20162 

1.68750 

3.2 

144.16 

112.43 

1125.91 

1013.48 

111.3 

.20584 

1.67750 

3.4 

146.55 

114.83 

1126.64 

1011.81 

105.0 

.20981 

1.66812 

3.6 

148.83 

117.13 

1127.33 

1010.21 

99.5 

.21358 

1.65926 

3.8 

151.01 

119.32 

1128.00 

1008.68 

94.6 

.21718 

1.65084 

4.0 

153.09 

121.42 

1128.63 

1007.21 

90.1 

.22063 

1.64284 

4.2 

155.09 

123.43 

1129.24 

1005.81 

86.09 

.22390 

1.63522 

4.4 

157.01 

125.36 

1129.83 

1004.47 

82.41 

.22702 

1.62/96 

4.6 

158.85 

127.22 

1130.39 

1003.17 

79.04 

.23002 

1.62104 

4.8 

160.63 

129.01 

1130.93 

1001.92 

75.94 

.23292 

1.61438 

5.0 

162.34 

130.74 

1131.45 

1000.71 

73.09 

.23568 

1.60798 

5.2 

164.00 

132.41 

1131.96 

999.55 

70.44 

.23837 

1.60183 

5.4 

165.60 

134.02 

1132.45 

998.43 

67.99 

.24095 

1.59593 

5.6 

167.16 

135.60 

1132.92 

997.33 

65.71 

.24346 

1.59022 

5.8 

168.08 

137.13 

1133  39 

096.26 

63.58 

.24591 

1.58476 

6.0 

170.15 

138.61 

1133.84 

995.23 

■  61.59 

.24826 

1.57936 
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p 

f 

<r 

H 

r 

a 

a 

h 

6.2 

171.67 

140.06 

1134.27 

994.22 

69.72 

.26053 

1.67420 

«.4 

172.96 

141.45 

1134.69 

993.24 

67.96 

.25274 

1.66920 

6.6 

174.31 

142.81 

1136.10 

992.29 

66.31 

.25489 

1.66436 

6.8 

175.63 

144.14 

1136.51 

991.36 

64.76 

.26699 

1.66966 

7.0 

176.92 

145.44 

1136.90 

990.46 

63.29 

.26903 

1.66609 

7.2 

178.17 

146.70 

1136.28 

989.68 

61.90 

.26101 

1.66066 

7.4 

179.40 

147.94 

1136.66 

988.72 

60.68 

.26296 

1.54632 

7.6 

180.60 

149.16 

1137.02 

987.88 

49.33 

.26486 

1.64212 

7.8 

181.77 

160.33 

1137.38 

987.06 

48.14 

.26669 

1.63801 

8.0 

182.92 

161.49 

1137.73 

986.24 

47.01 

.26849 

1.63400 

8.2 

184.05 

162.63 

1138.08 

986.44 

46.93 

.27025 

1.53007 

8.4 

186.16 

163.74 

1138.40 

984.66 

44.90 

.27199 

1.62626 

8.6 

186.23 

164.83 

1138.74 

983.90 

43.92 

.27368 

1.52252 

8.8 

187.29 

155.90 

1139.06 

983.16 

42.98 

.27634 

1.51888 

9.0 

188.33 

156.95 

1139.38 

982.43 

42.09 

.27696 

1.61633 

9.2 

189.36 

167.98 

1139.69 

981.71 

41.23 

.27864 

1.61185 

9.4 

190.35 

159.00 

1140.00 

981.00 

40.40 

.28010 

1.50S40 

9.6 

191.34 

160.00 

1140.30 

980.30 

39.61 

.28164 

1.50504 

9.8 

192.31 

160.98 

1140.59 

979.61 

38.86 

.28316 

1.60176 

10.0 

193.26 

161.94 

1140.89 

978.95 

38.12 

.28462 

.1.49856 

10.2 

194.19 

162.88 

1141.17 

978.29 

37.42 

.28606 

1.49542 

10.4 

195.11 

163.81 

1141.46 

977.64 

36.74 

.28747 

1.49233 

10.6 

196.02 

164.73 

1141.73 

977.00 

36.09 

.28888 

1.48929 

10.8 

196.91 

165.63 

1142.00 

976.37 

35.46 

.29025 

1.48631 

11.0 

197.79 

166.52 

1142.27 

975.75 

34.86 

.29160 

1.48338 

11.2 

198.65 

167.39 

1142.53 

975.14 

34.27 

.29293 

1.48051 

11.4 

199.50. 

168.25 

1142.79 

974.54 

33.71 

.29423 

1.47769 

11.6 

200.34 

169.10 

1143.04 

973.94 

33.16 

.29552 

1.47491 

11.8 

201.17 

169.94 

1143.30 

973.36 

32.63 

.29679 

1.47218 

12.0 

201.98 

170.76 

1143.54 

972.78 

32.12 

.29804 

1.46949 

12.2 

202.78 

171.57 

1143.79 

972.22 

31.63 

.29927 

1.46686 

12.4 

203.58 

172.38 

1144.03 

971.65 

31.15 

.30047 

1.46425 

12.6 

204.37 

173.18 

1144.27 

971.09 

30.69 

.30167 

1.46168 

12.8 

205.14 

173.96 

1144.51 

970.55 

30.24 

.30285 

1.45917 

13.0 

205.90 

174.73 

1144.74 

970.01 

29.80 

.30400 

1.45669 

13.2 

206.65 

175.49 

1144.97 

969.48 

29.37 

.30514 

1.45425 

13.4 

207.40 

176.25 

1145.20 

968.95 

28.96 

.30627 

1.45183 

13.6 

208.13 

176.99 

1145.42 

968.43 

28.56 

.30739 

1.44946 

13.8 

208.85 

177.72- 

1145.64 

967.92 

28.17 

.30848 

1.44714 

14.0 

209.57 

178.44 

1145.86 

967.42 

27.80 

.30957 

1.44484 

14.2 

210.28 

179.15 

1146.08 

966.93 

27.43 

.31064 

1.44257 

14.4 

210.98 

179.86 

1146.29 

966.43 

27.07 

.31170 

1.44033 

14.5 

211.33 

180.21 

1146.40 

966.19 

26.89 

.31222 

1.43922 

14.6 

211.67 

180.56 

1146.50 

965.94 

26.72 

.31273 

1.43813 

14.7 

212.00 

180.90 

1146.60 

965.70 

26.55 

.31324 

1.43705 
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Table  XII. 


Output  op  Rankine  Cycle  per 


Pl 

~ 

60 

70 

80 

90 

100 

110 

"^    H. 

«     «» 

1171.2 

1174.3 

1177.C 

1179,6 

1181.9 

1184.0 

0.1 

3.0 

361.9 

370.9 

379.8 

386.8 

392.0 

397.7 

0.2 

21.3 

332.3 

341.6 

349.7 

356.8 

363.2 

369.0 

0.3 

32.7 

314.3 

323.7 

331.9 

339.1 

345.6 

351.5 

0.4 

41.1 

301.2 

310.7 

318.9 

326.3 

332.8 

338.7 

0.5 

47.9 

290.8 

300.3 

308.7 

316.1 

322.7 

328.6 

0.6 

63.5 

282.1 

291.7 

300.1 

307.6 

314.2 

320.1 

0.7 

68.4 

274.6 

284.3 

292.8 

300.3 

306.9 

313.0 

0.8 

62.7 

268.1 

277.9 

286.4 

293.9 

300.6 

306.7 

0.9 

66.6 

262.3 

272.1 

280.6 

288.2 

294.9 

301.0 

1.0 

70.1 

257.0 

266.9 

275.4 

283.0 

289.8 

295.9 

1.2 

76.3 

247.8 

257.7 

266.4 

274.0 

280.8 

287.0 

1.4 

81.6 

239.9 

249.8 

258.6 

266.2 

273.1 

279.3 

1.6 

86.3 

232.9 

242.9 

251.7 

259.4 

266.3 

272.5 

1.8 

90.6 

226.7 

236.8 

245.5 

263.3 

260.3 

266.5 

2.0 

94.6 

221.1 

231.2 

240.0 

247.8 

264.8 

261.1 

2.2 

98.0 

216.9 

226.1 

235.0 

242.8 

249.8 

256.1 

2.4 

101.3 

211.2 

221.4 

230.3 

238.1 

245.2 

251.5 

2.6 

104.3 

206.8 

217.1 

226.0 

233.9 

240.9 

247.3 

2.8 

107.2 

202.7 

213.0 

221.9 

229.8 

236.9 

243.3 

3.0 

109.9 

198.8 

209.2 

218.1 

226.1 

233.2 

239  6 

3.2 

112.4 

195.2 

205.6 

214.6 

222.5 

229.6 

236.1 

3.4 

114.8 

191.8 

202.2 

211.2 

219.2 

226.3 

232.8 

3.6 

117.1 

188.6 

199.0 

208.0 

216.0 

223.2 

229.6 

3.8 

119.3 

185.5 

195.9 

205.0 

213.0 

220.2 

226.6 

4.0 

121.4 

182.5 

193.0 

202.1 

210.1 

217.3 

223.8 

4.5 

126.3 

175.7 

186.2 

195.3 

203.4 

210.6 

217.2 

6.0 

130.7 

169.6 

180.1 

189.2 

197.4 

204.6 

211.2 

6.5 

134.8 

163.9 

174.5 

183.7 

191.9 

199.2 

205.7 

6.0 

138,6 

158.6 

169.3 

178.5 

186.7 

194.1 

200.7 

7.0 

145.4 

149.3 

160.0 

169.3 

177.6 

185.0 

191.6 

8 

151.5 

141.0 

151.8 

161.2 

169.5 

177.0 

183.7 

9 

157.0 

133.7 

144.5 

154.0 

162.3 

169.8 

176.5 

10 

161.9 

127.0 

137.9 

147.4 

155.8 

163,3 

170.1 

11 

166.5 

120.9 

131.8 

141.4 

149.8 

157.4 

164.2 

12 

170.8 

115.3 

126.3 

135.9 

144.4 

151.9 

158.8 

13 

174.7 

110.0 

121.1 

130.7 

139.2 

146.8 

153.7 

14 

178.4 

105.1 

116.3 

125.9 

134.5 

142.1 

149.0 

14.7 

180.9 

101.9 

113.1 

122.8 

131.3 

139.0 

145.9 

15 

lftl.9 

100.6 

111.7 

121.4 

130.0 

137.7 

144.6 

16 

185.3 

96.2 

107.5 

117.2 

125.8 

133.5 

140.4 

18 

191.4 

88.2 

99.6 

109.3 

118.0 

125.7 

132.7 

20 

197.0 

81.0 

92.4 

102.3 

111.0 

118.7 

125.7 

22 

202.2 

74.4 

85.8 

95.7 

104.5 

112.3 

119.3 

24 

207.0 

68.3 

79.8 

89.7 

98.5 

106.4 

113.5 

26 

211.5 

62.6 

74.2 

84.2 

93.0 

100.9 

108.0 
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402.9 

407.6 

412.1 

416.2 

420.1 

427.2 

433.6 

439.4 

0.1 

373.3 

379.2 

383.7 

388.0 

391.9 

398.2 

405.7 

411.6 

0.2 

356.8 

361.8 

366.4 

370.7 

374.7 

382.1 

388.7 

394.7 

0.3 

344.1 

349.2 

353.8 

358.1 

362.2 

369.6 

376.3 

382.3 

0.4 

334.1 

33a.  2 

343.8 

348.2 

352.3 

359.8 

366.7 

372.6 

0.6 

325.7 

330.8 

335.5 

339.9 

344.0 

351.5 

358.3 

364.4 

0.6 

318.5 

323.6 

328.4 

332.8 

336.9 

344.5 

351.3 

857.5 

0.7 

312.2 

317.4 

322.1 

326.6 

330.7 

338.3 

345.2 

351.3 

0.8 

306.6 

311.8 

316.6 

321.0 

325.2 

332.8 

339.7 

345.9 

0.9 

301.5 

306.7 

311.5 

316.0 

320.2 

327.8 

334.7 

340.9 

1.0 

292.6 

297.8 

302.7 

307.2 

311.4 

319.1 

326.0 

332.3 

1.2 

285.0 

290.2 

295.1 

299.6 

303.9 

311.6 

318.6 

324.9 

1.4 

278.3 

283.5 

288.4 

293.0 

297.2 

305.1 

312.1 

318.4 

1.6 

272.3 

277.6 

282.5 

287.1 

291.3 

299.2 

306.2 

312.6 

1.8 

266.8 

272.2 

277.1 

281.7 

286.0 

293.9 

300.9 

307.3 

2.0 

261.9 

267.2 

272.12 

276.8 

281.1 

289.0 

296.1 

302.5 

2.2 

257.3 

262.7 

267.7 

272.3 

276.6 

•284.6 

291.7 

298.1 

2.4 

253.1 

258.5 

263.5 

268.1 

272.5 

280.4 

287.6 

294.0 

2.6 

249.1 

254.5 

259.6 

264.2 

268.6 

276.6 

283.7 

290.2 

2.8 

245.4 

250.8 

255.9 

260.5 

264.9 

272.9 

280.1 

286.6 

3.0 

241.9 

247.4 

252.4 

257.1 

261.5 

269.5 

276.7 

283.2 

3.2 

238.7 

244.1 

249.2 

253.9 

268.2 

266.3 

273.5 

280.0 

3.4 

235.5 

241.0 

246.1 

250.8 

265.1 

263.2 

270.4 

277.0 

3.6 

232.5 

238.0 

243.1 

247.8 

252.2 

260.3 

267.6 

274.1 

3.8 

229.7 

235.2 

240.3 

245.0 

249.4 

257.5 

264.8 

271.3 

4.0 

223.1 

228.7 

233.8 

238.5 

242.9 

251.1 

258.4 

265.0 

4.5 

217.2 

222.7 

227.9 

232.6 

237.1 

245.3 

252.6 

259.2 

5.0 

211.8 

217.3 

222.5 

22V.  3 

231.7 

240.0 

247.3 

254.0 

5.5 

206.7 

212.3 

217.5 

222.3 

226.8 

235.0 

242.4 

249.1 

6.0 

197.7 

203.3 

208.5 

213.4 

217.9 

226.2 

233.6 

240.4 

7.0 

189.8 

195.5 

200.7 

205.6 

210.1 

218.5 

226.0 

232.7 

8 

182.7 

188.4 

193.7 

198.6 

203.2 

211.6 

219.1 

225.9 

9 

176.3 

182.0 

187.3 

192.2 

196.8 

205.3 

212.8 

219.7 

10 

170.4 

176.2 

181.5 

186.4 

191.1 

199.6 

207.1 

214.0 

11 

165.0 

170.8 

176.1 

181.1 

185.7 

194.3 

201.9 

208.8 

12 

160.0 

166.8 

171.1 

176.1 

180.8 

189.3 

197.0 

203.9 

13 

155.3 

161.1 

166.5 

171.5 

176.2 

184.8 

192.4 

199.4 

14 

152.2 

158.0 

163.5 

168.5 

173.2 

181.8 

189.4 

196.4 

14.7 

150.9 

156.7 

162.2 

167.2 

171.9 

180.6 

188.2 

195.1 

15 

146.8 

152.6 

158.1 

163.1 

167.8 

176.4 

184.2 

191.1 

16 

139.1 

145.0 

150.4 

155.5 

160.2 

168.9 

176.7 

183.7 

18 

132.2 

138,1 

143.6 

148.7 

153.4 

162.2 

170.0 

177.1 

20 

125.8 

131.8 

137.3 

142.4 

147.2 

156.0 

163.8 

170.9 

22 

120.0 

126.0 

131.5 

136.6 

141.4 

150.3 

158.1 

165.3 

24 

114.5 

120.5 

126.1 

131.3 

1.36.1 

145.0 

152.9 

160.0 

26 
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0.1 

439.4 

444.8 

449.5 

454.2 

458.6 

468.1 

476.3 

490.3 

0.2 

411.6 

417.1 

422.1 

426.7 

431.1 

440.9 

449.3 

463.5 

0.3 

394.7 

400.2 

405.3 

410.0 

414.4 

424.3 

432.8 

447.1 

0.4 

382.3 

387.9 

393.0 

397.8 

402.2 

412.2 

420.8 

435.2 

0.6 

372.6 

378.2 

383.4 

388.1 

392.6 

402.7 

411.3 

425.8 

0.6 

364.4 

370.1 

375.3 

380.1 

384.6 

394.7 

403.3 

418.0 

0.7 

357.5 

363.2 

368.3 

373.2 

377.7 

387,9 

396.6 

411.3 

0.8 

351.3 

357.1 

362.3 

367.1 

371.7 

381.9 

390.6 

405.4 

0.9 

345.9 

361.6 

356.9 

361.7 

366.3 

376.6 

386.3 

400.2 

1.0 

340.9 

346.7 

352.0 

356.9 

361.5 

371.7 

380.6 

395.4 

1.2 

332.3 

338.1 

343.4 

348.3 

353.0 

363.3 

372.2 

387.1 

1.4 

324.9 

330.7 

336.1 

341.0 

345.7 

356.0 

366.0 

380.0 

1.6 

318.4 

324.3 

329.6 

334.6 

339.2 

349.7 

358.6 

373.7 

1.8 

312.6 

318.5 

323.8 

328.8 

333.5 

344.0 

353.0 

368.1 

2.0 

307.3 

313.2 

318.6 

323.6 

328.3 

338.9 

347.9 

363.1 

2,2 

302.5 

308.5 

313,9 

318.9 

323.6 

334.2 

343.2 

358.5 

2.4 

298.1 

304.1 

309.5 

314.5 

319.3 

329.8 

338.9 

354.2 

2.6 

294.0 

300.0 

305.4 

310.5 

315.2 

325.9 

335.0 

360.3 

2.8 

290.2 

296.2 

301.6 

306.7 

311.5 

322.1 

331.2 

346.6 

3.0 

286.6 

292.6 

298.1 

303.1 

307.9 

318.6 

327.7 

343.2 

3.2 

283.2 

289.2 

294.7 

299.8 

304.6 

315.3 

324.5 

339.9 

3.4 

280.0 

286.1 

291.6 

296.7 

301.5 

312.2 

321.4 

336.9 

3.6 

277.0 

283.0 

288.6 

293.7 

298.5 

309.2 

318.4 

333.9 

3.8 

274.1 

280.2 

285.7 

290.8 

295.6 

306.4 

315,6 

331.2 

4.0 

271.3 

277.4 

283.0 

288.1 

292.9 

303.7 

313.0 

328.6 

4.5 

265.0 

271.1 

276.7 

281.8 

286.7 

297.5 

306.8 

322.4 

5.0 

259.2 

265.3 

270.9 

276.1 

281.0 

291.9 

301.2 

316.9 

6.5 

254.0 

2G0.1 

205.7 

270.9 

275.8 

286.8 

296.1 

311.8 

6.0 

249,1 

255.3 

260.9 

266.1 

271.0 

282.0 

291.4 

307.2 

7.0 

240.4 

246.6 

252.3 

257.5 

262.5 

273.5 

282.9 

298.8 

8 

232.7 

239.0 

244.7 

250.0 

254.9 

266.0 

275.5 

291.5 

9 

225.9 

232.2 

237.9 

243.2 

248.2 

259.4 

268.9 

284.9 

10 

219.7 

226.0 

231.7 

237.1 

242.1 

253.3 

262.9 

279.0 

11 

214.0 

220.3 

226.1 

231.6 

236.5 

247.8 

257.4 

273.6 

12 

208.8 

215.2 

221.0 

226.3 

231.4 

242.7 

252.3 

268.6 

13 

203.9 

210.3 

216.1 

221.5 

226.6 

237.9 

247.6 

263.9 

14 

199.4 

205.8 

211.6 

217.1 

222.2 

233.5 

243.2 

259.6 

14.7 

196.4 

202.8 

208.7 

214.2 

219.2 

230.6 

240.4 

256.7 

15 

195.1 

201.6 

207.4 

212.9 

218.0 

229.4 

239.1 

255  5 

16 

191.1 

197.6 

203.5 

208.9 

214.1 

225.6 

235.3 

251.7 

18 

183.7 

190.2 

196.1 

201.6 

206.8 

218.3 

228.1 

244.6 

20 

177.1 

183.6 

189.6 

195.0 

200.2 

211.8 

221.6 

238.2 

22 

170.9 

177.5 

183.4 

189.0 

194.2 

205.8 

215.7 

232.4 

24 

165.3 

171.9 

177.9 

183.4 

188.7 

200.3 

210.3 

227.0 

26 

IGO.O 

166.6 

172.6 

178.2 

183. 5 

195.2 

205.2 

222.0 
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Absolute  Thermodynamic  Efficiency, 

639 
Acoustic  Vibrations  in  Steam-jet,  570 
Actual  Performance  of  the  Steam  in 

the  Turbine,  §73;   558-577 
Adjustable  Valves,.  278 
Adjustment  by  Governor,  398^21 

By  Centrifugal  Shaft-governor,  409 

By  Fly-ball  Governor,  400 
Air-brake  Pump,  Westinghouse,  360 
Air-compressors,  35 
Allen  Link-motion,  238 
Allis-Chalmers  Drop-valve  Gear,  351 

Engines,  29,  30,  46 
American-Ball  Engine,  4 
Ames  Governor,  408 
Analysis  of  an  Actual  Engine  (Com- 
pound), 455,  470 
Analysis  of  a  Centrifugal  Shaft-gov- 
ernor,. 385 

Of  an  Inertia  Governor,  417 
Analysis   of    Total    Energy-loss    (in 

Turbine),  577 
Angle  of  Advance,  184 
Armstrong-Sweet  Governor,  384 
Atlas  Corliss  Engines,  16,  20 

Balancing  the  Flat  Valve,  269 
Balancing  the  Rotor,  5.S2 
Ball  Four-valve  Gear,  336 
Bearings: 

For  Marine  Engines,  165 

For  Stationary  Engines,  161 

For  the  IjOco motive,  169 

For  Turbines,  583 

In  Connecting-rods,  152 
Behavior  of   Centrifugal   Governor, 
409 


Behavior    of    Steam-jet    in    Vane- 
channel,  574 
Blades  (of  Turbine),  see  Vanes 
Blowing  Engines,  37 
Bolts  for  Cjdinder-heads,  110 
Box  Pistons,  113 

Brake-action  in  the  Governor,  415 
Brown  Reversing-gear,  427 
Buckeye  Engines,  2,  7,  217 

Governor,  371 

Valve-gear,  254 

Callendar's  Curves  for  Superheated 
Steam,  634 

Cameron    Steam-pump    Valve-gear, 
358 

Cams,  in  Lift-valve  Gears,  352,  354 

Centers,  Instantaneous,  373 

Centrifugal  Force,  Moment  of,  435 

Centrifugal  Governor,   Behavior  of, 
409 

Channel-form    and    Area    of    Cross- 
section,  555 

Channel  Variation  within  the  Multi- 
ple-impulse Stage,  5S0 

Characteristics   of    High-speed    En- 
gine, 15 

Classification  and  General  Form  (of 
Engines),  §41;  1-00 

Classification  of  Steam-turbines,  516 

Collman  Drop-valve  Gear,  351 

Complete  Expansion,  441 

Composite  T\'pes  of  Engines,  24 

Compound  Engines: 

CS'linder  Proportions,  504 
High-ratio,  491 
High-speed,  6,  10-14,  82-86 
Large  Sized,  2,5-29 

667 


668 


INDEX 


Ccmpound  Engines: 

Single>acting  Tandem,  502 

Compound-engine  Steam-diagrams: 
Aliis-Chalmers     Pumping-engine, 

Triple,  492 
Diagram  Factor,  500 
Distribution  of  Losses,  500 
Fleming  Four-valve  High-ratio, 
General  Methods,  476  [490 

HoUy  Pumping-engine,  481 
Ideal  Diagrams,  456,  473 
Jacketed  and  Unjacketed  Engines, 
Leavitt  Pumping-engine,  482  [486 
Locomotives,  479 
Low-Epeed,  Direct-expansion,  481 
Marine  Engines,  496,  498 
Mcintosh  &  Seymour  Engine,  487 
Nordbeiv    Pumping-engine,    Quad- 
ruple, 493 
Snow  Pumping-en^e,  Triple^  492 
Vauclain  Locomotive,  461 
Willans  Compound,  503 
With  High  Superheat,  489 
Worthington         Pumping-engine, 
Hich-duty,  483;  Triple,  484 

Compound      Engines,      Theoretical 
Analysis,  438-476 
Case  of  Complete  Expansion,  441 
Construction  of  Diagrams,  467, 471 
Direct-expansion  Engine,  455 
Division  of  Work,  440,  445,  454 
General  Conclusions,  448 
Infinite  Receiver,  439 
Intermediate  Cur\'e8,  468,  472,  474 
Mathematical  Relations,  443,  451 
No  Receiver,  449 
Quarter-crank  Engine,  462,  465 
Receiver-action,  in  General,  474 
Value  of  Volumetric  Analysis,  475 
Variable  Valve-action,  459,  469 
Variation   in   the    Steam-volume, 

464,  470 
Vauclain  Locomotive,  456 

Compound  Valves,  281  [377 

Concentration  and  Reduction  of  Mass, 

Conditions  of  Stability  (in  the  Gov- 
ernor), 416 

Connecting-rods,  145 

Bearings   and   their   Adjustment, 
For  Locomotives,  145  [152 

For  Stationary  Engines,  147 
Marine  Type,  148,  151 
Tj'pes  of  Rod-ends,  146 

Control  of  Speed-regulation  by  Gov- 
ernor, 394 


Cooper  Corliss  Engine,  18 
Corliss  Cylinder.  90 

With  Valves  in  Heads,  100 
Corliss  Engines,  19 

General  Type,  23 
Corliss  Engine-beds,  63 
Corliss  Valve-gear,  J  56;  301-329 

Control  of  Cut-off,  305 

Cut-off  Action,  310 

Cut-off  Mechanism,  304 

Dash-pot,  328 

Direct  and  Indirect,  316 

Eccentric-setting    and     Valve-ac- 

Govemor,  306  [tion,  309 

Holly  Pumping-engine  Gear,  323 

Indicator  Diagrams,  311 

Moving  Trip  Cams,  320 

Nordterg,  Moving  Cams,  322 

Releasing-devices  for  Driving-rods, 
302,327 

Reversible  Gear,  324 

Safety-cams,  305 

Snow  Pumping-engine  Gear,  320 

Use  of  Two  Eccentrics,  318 

Valve-diagrams,  310 

Valve-movement.  301,  307 

Various  Forms  ot  Gear,  316 

Various  Releasing  Mechanisms,  325 
Corliss  Valves,  313 
Counterweights,  155-160 
Cranks: 

Built-up,  Overhanging,  156 

Built-up,  Inside,  158 

Solid-forged,  167,  160 
Cross^rea  of  the  Steam-channel ^  677 
Cross-head,  The,  130 

For  Bored  Guides,  Corliss  Types, 

For  Marine  Engines,  138  [137 

Locomotive  Tj^es,  133 

Types  of,  131 
Curtis  Turbine,  525 

Blading,  590 

Tests  of,  655 

Valves,  596 
Curves  of  Governor-Fiction,  402,  410, 

418 
Cut-off    Mechanism,    Corliss   Valve- 
gear,  304 
Cut-off   Valves,  Double-valve   Gear, 

286 
Cut-off  Valve  with  the  Stephenson 

Link-motion,  258 
Cut-off,  Variable,  in     Double-valve 

Gear,  254 
CyUnder,  The,  §  43;  73-112 
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Qylinder,  The,  Ball  Design,  80 
Buckeye,  82 
Corliss,  90,  98,  103 
Drop-valve,  97,  349 
Fleming  Four-valve,  92 
Four  SRde-valve,  79 
HoUy  Pumping-engine,  100 
Marine-engine,  88 
Marine,  with  Liners,  105 
Mcintosh  &  Seymour  Six-valve,  94 
Proportions,  Diameter  and  Stroke, 

111 
Reeves  Vertical  Compound,  83 
Simple  Locomotive,  75 
Strength  of,  106 
Vauclain  Locomotive,  85 
Westinghouse  Compound,  84 
Wheelock,  96 
With  Gridiron  Valves,  93 
With  Liners,  102 
With  Piston-valve,  81 
With  Solid-cast  Jackets,  102 
Cylinder-arrangements   in   Multiple- 

e?roansion  Engine,  511 
Cylinder  Proportions  in  Practice,  §70; 

604-514 

Dash-pots  for  Corliss  Engines,  328 
Deane  Steam-pump  Valve-gear,  359 
Deflection  of  a  Jet,  639,  572 
De  lAval  Turbine,  519 

Blading,  588 

Governor  and  Valve,  592 

Nozzle,  587 

Nozzle- valve,  597 

Wheel,  582 
Design  and  Construction  of  the  Tur- 
bine, §  74;   577-598 
Desi^  of  the  Steam-passages,  111 
Detail  of  Cylinder-casting,  73 
Diagram  Factor,  500 
Diagrams  for  Compound  Engines: 

Construction  of,  467,  471 

Quarter-crank  Engine,  Ideal  Case, 
465;  Actual  Case,  470 

Simplest  Ideal,  455 

Vauclain  Locomotive,  456,  461 
Diagrams    from    Multiple-expansion 

Engines,  §69;  476-504 
Diagrams    of     Engine-performance, 

645-^8 
Diagrams    of    Turbine-performance, 

654-656 
Different  Valve-arrangements,  78 
Diffuser  Action  with  Steam- jet,  571 


Direct  and  Indirect  Arrangements, 

Corliss  Valve-gear,  316 
Direct-expansion  Engine,  §  67;  44^ 

Diagrams  from,  481  [462 

Direction  of  Running,  57 
Discussion   of   Engine    Tests,    §77; 

642-^2 
Discussion  of  Turbine  Tests,    §78; 
Disk  Pistons,  118  [653-659 

Distribution  of  the  Losses  (in  Multi- 
ple-expansion Engine).  500 
Division  of  Work  between  the  Cyl- 
Double  Valves,  286  [inders,  440 

Double-valve  Gear,  §  63;  249-259 

Buckeye  Gear,  254 

Eccentric-setting,  253 

Functions  of  Cut-off  Valve,  252 

Meyer  Gear,  249 

Movement  of  Cut-off  Valve,  250 

Positive  and  Negative  Valves,  252 

Varying  the  Cut-off,  254 

Varying  the  Virtual  Eccentric,  256 
Drawing  the  Pressure-volume   Dia- 
gram, 467 
Driving-force  on  the  Vane,  542 
Drop- valve  Engine,  95 
Drop- valve  Gear,  see  Lift-valve  Gear 
Duplex  Steam-pump,  366 

Valve-gear,  355 
Dyiiamic-force  Cycle,  515 

Eccentric,  Details  of,  288 

Eccentric,  Virtual,  251,  256 

Eccentri(vfriction,  391 

Eccentric-rod,  Effect  of. 
Upon  Valve-movement,  202 
With  Shifting  Eccentric,  205 

Eccentric-setting , 
Angle  of  Advance,  185 
Case  of  Separated  Stroke-lines,  188 
Corliss  Gear,  309,  312 
Direct  and  Indirect,  187 
Effect  of  Rocker-arm,  187 
For  Reversible  Engine,  211 
In  Double-valve  Gear,  253 

Eccentric-straps,  292 

Effect  of  a  Reversing  Rocker-ann, 
187 

Effect  of  Steam-jacketing,  485,  648 

Effect  of  Superheat,  in  Engines,  650; 
in  Turbines,  668 

Effect  of  Vacuum  in  Turbines,  666 

Effect  of  Variable  Valve-action,  459, 
469 

Efficiency,  Thermodynamic,  63^-641 
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Efficiency,  Variation  of,  with  Load, 
Elektra  Turbine,  530  [644,  654 

Enciosed-guide  Type  of  Engine,  9 
Energy-loss  in  Turoine,  577 
Engine  Bed  or  Frame: 

Compact,  High-speed  Type,  60 

Corhss  Type,  63 

Locomotive,  71 

Marine,  67 

Tangye,  5,  61 . 

Vertical  Stationary,  65 
Engine-mechanisms,  Special,  55 
Engine-performance,  Curves  of,  645- 
Engine  with  [648 

High  Superheat,  488 

Innnite  Keceiver,  439 

No  Receiver,  449 

Separate  Slide-valves,  78 

Separate  Stroke-lines,  187 

Special  Steam-cycle,  493 
Entropy-temperature  Diagrams,  559, 

562 
Equalizing  the  Cut-offs,  199,  210 
Evolution  of  the  Slide-valve,  185 
Exact  Reuleaux  Dia^m,  204 
Expansion  of  Steam,  in  Engine-tests, 
Experiments  on  [632 

Flow  of  Steam,  563 

Pressure  in  Jet,  569 

Reaction  of  Jet,  567 

Velocity  of  Jet,  566 

'  Fishkill  Corliss  Engine,  17 
Flat  Valves  for  Marine  Engines,  262 
Fleming  Engines,  10,  24,  92 

Diagrams  from  Compound,  490 

Four- valve  Gear,  334 
Flow  through  Orifices,  563 
Flow  with  a  Diverging  Nozzle,  665 
Fly-ball  Governor,  306,  368 

Adjustment  by,  400 

Force-actions  in,  379 

Reduction   of   Centrifugal   Force, 

Reduction  of  Mass,  398  [381 

Reduction  of  Weight,  382 

Regulation  by,  383,  395 
Fly-wheels: 

Air-resistance  to  Movement,  174     ' 

In  Halves,  170 

Large  in  Segments,  172 

Small,  Solid-cast,  169 

Strains  in,  173 
Fly-wheel  Effect,  in  Governor  Anal- 
ysis 399 
Force   Reduction  of  372 


Force-actions: 

In  Fly-ball  Governor,  379 

In  Shaft-governor,  369,  392 

Of  the  Valve-gear,  388 
Framework  of  the  Engine,  §  42;  60- 

See  also  Engine-bed  [73 

Friction  of  Eccentric,  391 
Friction  of  Steam,  574 
Functions  of  the  Cut-off  Valve,  252 
Fimctions  of  the  Governor,  367 

Gardner  Governor  for  Air-compre»- 
sor,  422 

General  Character  of  the  Receiver- 
action,  474 

General  Considerations  as  to  Turbine 
Tests,  653 

General  Form  and  Action  of  the 
Turbine,  §71;  515-537 

General  Relations  in  the  Compound 
Engine,  448 

Geometry    of    the    Valve-diagrams, 

L47;  188-193 
ink-motion,  238 
Governor: 

Aspmall,  431 

Benavior  of  Centrifugal,  409 

Brake-action  in,  415 

Classification,  367 

Combined  Speed  and  Pressure,  421 

Fly-ball  Type,  306,  368 

For  Air-<x>mpres9or,  422 

For  Marine  Engines,  430 

For  Snow  Pumping-engine,  428 

Force-actions,  ShaJt  Type,  369 

Functions,  367 

Indirect,  for  Joy  Gear,  427 

Inertia  Type.  417 

Oscillation  ot,  412 

Stability  in  Adjustment,  411 

Various  Forms  of  Shaft  Type,  370 
Governor-action,  Curves  of,  402,  410, 

Aspinall  Governor,  432  [418 

Indirect  Governing,  426 

In  the  Turbine,  597 
Governor,  Adjustment  by,  398 

Brake-action,  415 

Fly-wheel  Effect,  399 

Mean  Effective  Pressure,  399 

Oscillation  of  Governor,  412 

Reduced  Mass,  398,  407 

Stability  in  Adjustment,  411 
Governors   and    Controlling    Valves 

for  Turbines,  592 
Greene  Valve-gear,  329 
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Greene-Wheelock  Engine,  22 
Guide-bars,  143 
Guides,  Enclosed  Type,  9 
Guides  for  Valve-rods,  297,  300 

Heat-consumption,  in  Tests,  635 
High-ratio  Compound  Engines,  491 
High-speed  Compound  Engines,  83 
High-i^eed  Engines,  Characteristics 

Evolution  of,  3  [of  Type,  15 

Hoisting  and  RoUin^-mill  Engmes,  31 
Holly  I\unping-engme,  41 

Steam  Diagrams,  481 

Valve-gear,  323 
Horizontal-Vertical  Engine,  29 
Horse-power    and    Steam-consump- 
tion, 633 

Ideal  Action  with  Receiver,  462 

''Ideal"  Engines,  8,  9 

Impulse  of  tne  Jet,  537 

Impulse  Turbine  Defined,  517,  544 

Indicator  Diagrams: 
Air-brake  Pump,  363 
At  Different  Speeds,  201 
Combined       Diagrams,      General 

Methods,  476 
Compound   Corliss  Engines,   486, 
Compound  Locomotives,  479    [489 
Compound  Pumping-engines,  481- 
CorUss  Engines,  31 1  [483 

Fleming  4-valve  Compound,  490 
From  Double-valve  Engines,  258 
Low-speed    Direct-expansion   En- 
gine, 481 
Mcintosh  &  Seymour  Compound, 
Marine  Engines,  496,  498  [487 

Nordberg  Pumping-engine,  Quad- 
ruple, 493 
Pumping-engines     481-484,    492, 

493 
Reynolds  Pumping-engine ^  Triple, 
Shaft-governor  En^ne,  200      [492 
Snow  Pumping-engine,  Triple,  492 
Steam-pumps,  362 
Vauclain  2-crank  Locomotive,  460 
Willans  Compound,  503 
With  High  Superheat,  489 
With  the  Link-motion,  220 

Indirect  Governing  427 

Inertia-force  in  tne  Shaft-governor, 

Inertia  Governor,  417  [405 

Inertia  of  the  Valve-gear,  389 

IngersoU-Sergeant      Air-compressor, 
33,34 


Instantaneous  Centers,  Relative,  373 
Isodiabatic  Curves,  494 

Jackets: 

Made  by  Liners,  102 

Solid-cast,  102 
Jackets  and  Heaters,  Effect  of,  648 
Jet,  see  Steam-jet 
Joints,  Steam-tight,  109 
Joy  Valve^ear,  244 

Kerr  Turbine,  530 

Kinematic  Relations  in  Governor.  386 
Kinematics  of  the  Link-motion,  $51; 
220-241 

Labyrinth  Packing,  586 

Lap,  Lead,  and  Angle  of  Advance, 

Large  Stationary  Engines,  27      [184 

Layout  of  the  Engine,  56 

Lead,  Influence  and  Variation  of,  205 

Leakage  in  the  Turbine,  576        [482 

Leavitt   Pumping-engine   Diagrams, 

Lift-valve  Gears,  §  59;  347-355 

Allis-Chalmers  Gear,  351 

Collman  Gear,  351 

Linkage  Gears,  353 

Locations  and  Arrangements,  348 

Releasing  Gears,  352 

Rocking  Cams,  352 

Rotating  Cams,  354 

Valve-gear,  General  Form,  350 

Various  Forms  of  Valves,  347 
Limit  of  Plant-«fficiency,  640 
Link-motion: 

Box  Link,  299 

Cut-off  Valve  with,  258 

Direct  and  Indirect,  217 

Gooch  and  Allen,  238 

Locomotive  Link,  214 

Locomotive  Type,  212 

Marine-engine  Type,  216 

Rods  Open  and  Cussed,  217 

Stephenson,  211 
Link-motion,  Kinematics  of: 

Combined  Rod-effects,  226,  228 

Curvature  of  the  Link,  222 

Effect  of  Rod-slant,  225 

Harmonic  Motion  Transmitted ,  221 

Inclination  of  the  Eccentric-rods, 
222 

Location  of  the  Hanger-pin,  235 

Mechanism  Simplified,  220 

Non-symmetrical  Eccentrics,  236 

Oscillation  of  the  Rods,  230 
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Link-motion,  Kinematics  of: 

SUp  and  Offset,  232 
Load  and  Efficiency,  of  Engines,  644; 

of  Turbines,  654 
Locomotive,  The,  49 
Bearings,  169 
Cross-heads,  133 
Framework,  71 
Pistons,  114 
Piston-valves,  275,  282 
Slide-valves,  260 
Wheel  and  Axle,  157 
Losses  in  Multiple-expansion  Engine, 

Distribution  of,  500 
Lost  Motion,  Effect  of,  in  Valve-gear, 

207 
Low-i^eed  Direct-expansion  Engmes, 
Diagrams  from,  481 

Mcintosh  &  Seymour  Engines,  25, 28, 

Diagrams  from,  487  [94 

Six- valve  Gear,  338 
Marine  Engines.  49 

Bearings,  169S 

Cross-heads,  138 

Cylinder-proportions,  608 

Diagrams  from,  496,  498 

Governors,  430 

Pistons,  119 

Shafts,  16^^ 

Valves,  262,  277 
Mass,  Concentration  and  Reduction 
Mass,  Reduction  of:  [of,  377 

In  Fly-baU  Governor,  398 

In  Sliaft-govemor,  407 
Mathematical  Relations  in  the  Oom- 

poimd  Engine,  443,  451 
Mechanical  Efficiency,  Engines  and 

Turbines,  606,  651 
Mechanical  Efficiency  of  Pumping- 

engine,  652 
Mechanics  of  the  Ideal  Steam-action, 


§72;  537-^558 
rVa' 


Meyer  Valve-gear,  249 

Moment  of  Centrifugal  Force  (in  the 
Governor),  435 

Movement  Diagrams, 
For  the  Valve,  176-184 
Geometrical  Proofs  of  Diagrams, 
188 

Movement  of  the  Valve,  with  the 
Link-motion,  218 

Moving  the  Eccentric-center,  193 

Moving    Trip-cams     Corliss    Valve- 
gears,  320 


Multiple-expansion  Engines: 
Actual  Diagrams,  476-504 
Cylinder  Proportions,  504-514 
Theoretical  Analysis,  438-476 

Multiple-in^ulse  Turbines,  524 

Multiple-ported  Valves: 
Flat,  261,  264 
Piston,  281 

Multiple-staee  One-impulse  Turbines, 

Murray  Cojrhss  Engine,  21  [521 

Non-central  Stroke-line,  in  Valve- 
gear,  208 

Non-harmonic  Gears  with  Variable 
Eccentric,  §  58;  332-^7 

Non-harmonic  Movement  of  Corliss 
Valves.  301,307 

Nordberg-Corliss  Gear,  with  Moving 
Trip-cams,  322 

Noidberg  Pumping-engine,  Diagrams 
from,  493 

Nozzles  and  Distributors,  587 

Observations,  Results,  and  Calcula- 
tions, §76;   629-642 
Oscillation  of  the  Governor,  412 

Packing,  for  Pistons^  123;  for  Piston- 
Parsons  Turbine,  531  [rods,  127 

Blading,  591 

Governor  and  Valve,  593 

Tests  of,  656 
Path  of  the  Jet,  557 
Performance  of  Rankine  Cycle,  664 
Performance  of  the  Turbine,  Limit  of, 

558;  Net,  561 
Performance  per  Pound  of  Steam,  637 
Piston,  The,  112 

BuUt-up  Box  Type,  116 

Locomotive  Types,  114 

Marine  Types,.  118 

Solid  Box  Type,  113 

Solid  Disk  Type,  118 

Strength  of,  120 
Piston-rod,  121 

Connections  to  Cross-head,  136 

Strength  of,  122 
Piston-valves,  274 

Adjustable,  278 

Double,  287 

For  Locomotives,  276 

For  Marine  Ekigines,  277 

Multiple-ported,  281 

Plain  Solid,  276 
Porter-AUen  Valve-gear  332 
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Port-openiiig,  Width  of,  197 
Power     Engines,     Triple-expansion, 

495 
Problem  of  Adjustment,  §  64;   398- 

421 
Problem  of  Regulation,  §  63;  37^-398 
Proportioning  the  Valve,  267 
Proportions  of  Cylinders,  HI 
Pressure  Governor,  422 
Pressure  in  Steam- jet,  669 
Pressure,  Range  of,  in  Practice,  630 
Influence  upon  Perfonnance,  643, 
656 
Pressure-volume     Diagrams,     Com- 
pound Engines,  465 
Pumping-engines,  43 

Mechanical  Efficiency  of,  652 
Steam  Diagrams,  481-484, 492, 493 

Quality-curves,  for  the  Steam  Dia- 
gram, 485 
Quality  of  Steam,  in  Tests,  634 
Quarter-crank    Compound    Engine, 
462 

Radial-flow  Turbine,  530 

Radial  Valve-gears,  §  52;  241-249 

Joy,  244 

Porter-Allen,  332 

TValschaert,  241 
Rankine  Cycle,  Diaer.m  of,  559 

Output  of,  Table  Xll,  664 
Rateau's     Experiments,     Flow     of 

Steam,  563 
Rateau  'J'urbine,  520,  523 

Blading,  589 

Stuffing-box,  586 
Reaction   Experiments,   Steam   Jet, 

567 
Reaction  of  the  Valve-gear,  388 
Reaction  Turbine  Defined,  517,  644, 
Reaction  Wheel,  549  [549 

Receiver-action,    General  Character 

of,  474 
Receiver-compound  Type,  §  68;   462- 
Receiver,  in  Compound  Engines:  [476 

Ideal  Action,  452 

Infinite  Receiver,  439 

No  Receiver,  449 
Reciprocating  Parts  of  the  Engine, 

§44;  112-154 
Reduction  of  Force,  372,  375,  381, 
Reduction  of  Mass,  377  [393 

In  Fly-ball  Governor,  398 

In  Shaft-governor,  407 


Reeves  Vertical  Compound  Engine,  6 
Regenerative  Feed-heating,  493,  636 
Regulation  by  Governor; 
Control  of,  394 
Fly-baU  Governor,  383 
Shaft-governor,  394 
Reheater,  Function  of,  649 
Relative  Instantaneous  Centers,  373 
Relative  Thermodynamic  Efficiency, 

641 
Relative  Velocity  and  Reduction  of 

Force,  376,  386 
Releasing  Devices,  Valve-drives,  327 
Releasing-gears,  Corliss  Engines,  304, 

325 
Releasing  Gears  with  Gridiron  Valves, 

§57:  329-332 
Reuleaux  \alve-diagram,  176 

With  Rod-effect,  204 
Reversible  Corliss  Engine,  324 
Reversible  Turbine,  535 
Reversing-gears,  425 
Reversing  the  Engine,  211 
Reynolds    Horizontal- Vertical    En- 
gine, 29 
Reynolds  Vertical  Pumping-engine,  46 

Diagrams  from,  492 
Richardson  Balanced  Valve,  77 
Riedler-Stumpf  Turbme,  528 
Rites  Governor,  372,  417 
Robb-Armstrone  Governor,  372 
Rockers  and  Valve-rod  Slides,  296 
Rocker-arm,  Effect  of  a  Reversing, 

187 
Rockwood  High-ratio  Compound  En- 
gine, 491 
Rod-bearings,  and  their  Adjustment, 

152 
Rod-effect  with  Shifting  Eccentric, 
Rotary  Engine,  598  [205 

Rotating  Parts  of  the  Engine,  §  45: 

154-174 
Rotation  Losses,  in  the  Turbine,  575 
Rotor  of  the  Turbine,  581 

Safety-cams,  Action  of,   in   Corliss 
Safety-stops,  423  [Gear,  305 

Schmidt  Motor,  Compound,  503 
Secondary    Influences    and    Special 

CsLses  (in  Valve-€iction),  §  49: 

202-211 
Self-centering  Valve-gear,  365 
Separate  Slide-valves,  Engines  with. 
Shafts,  154  [78 

For  Corliss  Engines,  155 
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Shafts,  For  Marine  Engines,  159 

Strength  of,  161 

With  Inside  Cranks,  166 

With  Overhanging  Cranks,  154 
Shaft-covemor: 

Analysis  of  Centrifugal,  385 

Balancing  Forces,  392 

Inertia-forces  in,  405 

Kinematic  Relations,  386 

Reaction  of  the  Valve-gear,  388 

Reduction  of  Mass,  407 

Regulation,  394 

Various  Forms  of.  370 
Shifting  Eccentric,  §  48;  193-202 
Shiitinf^-eccentric  Valve-gear: 

Movmg  the  Eccentric-center,  193 

Problems,  197 

The  Eccentric-pendulum,  195 

The  Shaft-governor,  194 

Valve-Diagrams^  196 
Side-clearance  of  Vanes,  576 
Simple  Eccentric-driven  Valve,  §  46; 

175-188 
Simplest  Conditions  in  the  Compound 

Engine,  §66;  438-149 
Single-actmg  Engine,  Westinghouse, 

14,84 
Single-acting  Tandem-compound  En- 
gine, 502 
Single-impulse  Turbines,  Tests  of ,  654 
Single-stage    One-impulse    Turbine, 

518 
Single-stage  Turbines,  Tests  of,  653 
Slides  for  Valve-rods,  297,  300 
Snow  Pumping-engine,  44 

Diagrams  from,  492 

Governor,  428 

Valve-gear,  320 
Special  Engine  Mechanisms,  55 
Special  Forms  of  the  Flat  Valve,  266 
Special  Principles  and  Methods,  §  62; 

372-379 
Specific  Heat  of  Superheated  Steam, 

634 
Speed,  Effect  of,  upon  Indicator  Dia- 
gram, 201 
Speed,   Influence  upon   Engine-per- 
formance, 629,  642 
Speed  of  Engines,  57 
Speed  of  Turbine- vanes,  550 
Speed-regulation  by  Governor,  Varia- 
tion of,  394 
Stability  of  Governor,  Conditions  of, 

411,416 
Static-pressure  Cycle,  515 


Stationary  Engines,  Classes  of,  3 

LargcHsized,  27 
Steam-action,  in    Engine  and  Tur* 

bine,  515 
Steam-actuated  Valves,  358 
Steam-channel,  Cross-area  of,  577 
Steam-cycle,  Engine  with  Special,  490 
Steam  Diagrams,  see  Indicator  Dia- 

Quality-curves,  485  [grams 

Steam  Distribution: 

Curves  of  Valve-gear  Performance, 

Effect  of  Lost  Motion,  207       [202 

Effect  of  the  Lead,  205 

EqualizinffCut-offs,  210 

Indicator  Diagrams,  2C0 

Shaft-governor  Engine,  199 

Symmetrical  Admission,  193 

Variation  in  Lead,  206 

Varied  by  Shaft-governor,  193-202 

Width  of  Port-opening,  197 
Steam-hammers,  Valve-gears  for,  364 
Steam- jacketing.  Effect  of,  484 
Steam- jet: 

Acoustic  Vibrations,  570 

Actual  Flow,  563 

Behavior  in  Vane-channel,  574 

Deflection  of,  639,  572 

Diffuser  Action,  571 

Driving-force  on  Vane,  642 

Energy-loss  in  the  Nozzle,  571 

Flow  with  Diverging  Nozzle,  565 

Formation  of,  537 

Impulse  of,  537 

Path  of,  557 

Reaction  Experiments,  567 

Steam-friction,  574 

Velocity  of  Jet,  Experiments  on, 
566 
Steam-passages,  Design  of.  111 
Steam  Pumps,  38 
Steam-pump  Valve-gears,  355 

Indicator  Diagrams,  362 
Steam-table,  Supplement  to,  662 
Steam-test  Tables,  §  75;  600-629 

See  Tests  of  Engines  and  Turbines 
Steam-tight  Joints,  109 
Steam-turbine: 

Action  of  Jet,  537-543 

Action  of  Vanes,  544-553 

Balancing  the  Rotor,  582 

Bearings,  583 

Channel-form  and  Area,  565 

Channel  Variation  in  Multiple-im- 
pulse Stage,  580 

Classification,  516 
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Steam-turbine: 

Curtis,  625 

Curves  of  Performance,  654-656 

Deflection  of  Jet,  673 

De  Laval,  518 

Design  of  Steam-channel,  677 

Elektra,  531 

Experiments   on    the    Steam- jet, 

Governor-action,  597         [563-672 

Governors  and  Valves,  502 

Impulse  and  Reaction,  517 

Kerr,  530 

Leakage,  576 

Limit  of  Performance,  558 

Mixed  Type,  535 

Multiple-impulse,  524 

Multiple-stage,  Chie-impulse,  521 

Net  Performance,  561 

Nozzles  and  Distributors,  587 

Parsons,  531 

Path  of  Jet,  557 

Radial-flow,  530 

Rateau,  523 

Reaction  Wheel,  549 

Reversible,  535 

Riedler-Stumpf ,  528 

Rotation  Losses,  575 

Side-clearance  of  Vanes,  576 

Single-stage,  One-impulse,  518 

Speed-change,  550 

Steam  Friction,  574 

Steam  Jet,  563-^572 

Stuffing-boxes,  584 

Sulzer,  534 

Tangential-admission,  527 

The  Rotor,  581 

Total  Energy-loss,  577 

Union,  536 

Vanes  or  Blades,  591 

Wear  on  Vanes,  591 

Work-relations,  546,  556 

Zoelly,  521 
Steam- volume,  Compound  Engines, 

463,  470 
Stephenson  Link-motion,  §  50;  211- 
Strength  of  [220 

Cylmders,  106 

Pistons,  120 

Piston-rods,  122 

The  Shaft,  161 
Stress  in  Cylinder-walls,  107 
Stuffing-boxes: 

For  Engines,  128 

For  Turbines,  584 
Sulzer  Turbine,  534 


Sulzer  Turbine,  Blading,  589 
Stuffing-box,  566 

Superheat,    Diagrams    from    Com- 
pound Engine  with,  488 

Superheated  Steam,  Curves  for  Spe- 
cific Heat,  634 

Superheating,  Effects  of,  in  Engines, 
650;  in  Turbines,  658 

Supplement  to  Steam-table,  662 

Sweet  Governor,  194 

Symmetrical  Admission,  198 

Tables  of  Tests,  600-629 

See  Tests  of  En^nes  and  Turbines 
Tangential-admission  Wheel,  527 
Tangye  Engine-bed,  5,  61 
Temperature  of  Feed-water,  635 
Tests  of  Engines  and  Turbines,  601- 
629 
Absolute  Efficiency,  639 
Conditions  of  Test,  602 
Curtis  Turbines,  655 
Curves  of  Performance,  Engines, 

645-648:  Turbines,  654-656 
Effect  of  Jacket  and  Heaters,  648 
Effect  of  Vacuum  in  Turbines,  656 
Efficiency  Data,  607 
Expansion  of  Steam,  603,  632 
General  Condition,  602,  629 
Heat-consumption,  605,  635 
Horse-power  and  Steam-consump- 
tion, 633 
Limit  of  Plant-efficiency,  640 
Mechanical  Efficiency,  606,  651 
Parsons  Turbines,  656 
Performance  per  Pound  of  Steam, 
Pressures,  630,  643  [605,  637 

Quality  of  Steam,  634 
Regenerative  Feed-heating,  636 
Relative  Efficiency,  641 
Single-impulse  Turbines,  654 
Single-stage  Turbines,  653 
Sp^,629 
Superheating,  in  Engines,  650;  in 

Turbines,  658 
Table-headings.  601-606 
Temperature  oi  Feed-water,  635 
Unit  of  Steam-quantity,  639 
Variation  of  Efficiency  with  Load, 
644 
Theoretical  Diagrams  for  an  Actual 

Engine,  455,  470 
Theory  of  Turbine-action,  536 
Thermodynamic  Efficiency,  Absolute, 
639 
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Thermodynamic  Efficiency,  Relative, 

641 
Thermodynamic   Process,  Limit  of, 

558 
Three  Centers,  Theorem  of,  373 
Throttling  Governor,  422 
Tod  Blowing-engine,  36 
Tod  RoUing-mill  Engine,  32 
Triple-expansion  Power  Engines,  495 
Triple-expansion  Pumping-engines, 
Turbines,  see  Steam-turbines       [491 
Two  Eccentrics  in  Corliss  Valve-gear, 
Two-faced  Flat  Valve,  273  [318 

Types  of  Engines: 

Composite,  24 

Corliss,  23 

High-speed,  15 
Types  01   Rotary  Governors,    §61; 
Types  of  Valves,  259  [367-372 

Types  of  Vane-action,  544 

Union  Turbine,  537 

Vacuum,  Effect  of,  in  Turbines,  656 
Value  of  the  Volumetric  Analysis  (of 

Compound  Engine),  475 
Valves:   . 

Adjustable  Piston-valves,  277 

Allen  Type,  261,  268 

Compound,  281 

Corliss,  Various  Forms,  313 

Dash-relief,  Steam-pump,  357 

Direct  and  Indirect,  186 

Double,  286 

Double-faced,  Ball  Design,  80 

Flat,  for  Marine  Engines,  262 

For  Superheated  Steam,  276 

For  Turbines,  592 

Gridiron,  329 

Lift  or  Poppet,  97,  350 

Locomotive,  260 

Multiple-ported,  Flat,  264;  Piston, 
281 

Oscillating,  267 

Piston,  81,274 

Piston-lift,  360 

Poppet,  see  Lift 

Positive  and  Negative,  252 

Richardson  Balanced,  77 

Rider.  Cut-off,  288 

Special  Forms,  Flat,  266 

Solid  Piston,  276 

Steam-actuated,  358 

Tandem  Locomotive.  284 

The  B  Valve,  266 


Valves: 

Two-faced  Flat,  273 

Types  of,  259      • 

Van  den  Kerchove,  350 

Vauclain  Locomotive,  2-crank,  87; 
4-crank,  282 

Willans,  Central,  285 
Valves,  Balancing  Devices  for: 

American,  260 

Marine-engine  Relief -rings,  272 

Richardson,  77 

Two-faced  Flat  Valve,  273 
Valve-action: 

Effect  of,  in  Compound  Engine, 

In  CorUss  Gear,  309  [459,  469 

Valve-action,  Secondary  Effects: 

Effect  of  Eccentric-rod,  202,  205 

Effect  of  Lost  Motion,  207 

Non-central  Stroke-line,  208 

Variation  in  Lead,  206 
Valve-arrangements: 

Ball,  Two-faced,  80 

Buckeye,  82 

Corliss,  90 

Corliss,  in  Cylinder-heads,  98 

Four- valve,  Watertown,  79 

Lift-valve  Cylinder,  97 

Mcintosh  &  Seymour,  94 

Types  of,  78 

Westinghouse  Compound,  84 

Wheelock,  96 
Valve-balancing,  269 
Valve-diagrams: 

Angle  of  Advance,  184 

Coriiss  Gear,  30^311 

Developed  Diagrams,  184 

For  the  Link-motion,  219 

Geometrical  Proofs,  188 

Geometrical  Relations,  190 

Lap,  Lead,  and  Angle  of  Advance, 

Reuleaux,  176  [184 

Rules  for  Drawing,  178 

Shaft-governor,  196, 198 

Simple  Problems,  19i 

The  Complete  Diagram,  178 

The  Valve-ellipse,  182 

Valve  and  Piston  Diagram,  181 

Zeuner,  177 
Valve-gear,  Reaction  of,  upon  Gov- 
ernor: 

Inertia,  389 

Valve-resistance,  390 
Valve-gear  Details.  |  55:  288-301 

Corliss  Releasing  Mecbaniams,  325 

Eccentrics,  288 
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Valve-gear  Details: 

Eccentric-strajDs,  292 

Link-motion  Details,  298 

Rockers  and  Slides,  296 

Rods,  292 

Unhooking  Devices  for  Valve-rods, 
Valve-gear  Performance,  201  [327 
Valve-gear  Problems,  §  47;  188-193 
Valve-gears: 

Ball  Four-valve,  336 

Cameron  Steam-pump,  358 

Cam-gears    for  Lift-valves,    352- 
355 

Corliss,  30 1 .  See  Corliss  Valve-gear 

Corliss,   with   Moving   Trip-cams, 

Deane  Steam-pump,  359  [320 

Double- valve  Gears,  249 

Duplex  Steam-pump,  355 

Fleming,  334 

For  Steam-hammers,  364 

Greene,  329 

Jov  Gear,  244 

Lift- valve  Gear,  General  Form.  350 

Linkage    Gears,    for    Lift-valves, 
353 

Mcintosh  &  Se3rmour,  338 

Meyer  Gear,  249 

Porter-Allen,  332 

Radial  Gears,  241 

Self-centering,  365 

Snow  Pumping-engine  Gear,  320 

Steam-pump  Gears,  355 

Stephenson  Link-motion,  211 

The  Gab-motion,  211 

The  Shifting  Eccentric,  193 

Walschaert  Gear,  241 

Westinghouse    Air-brake     Pump, 

Wheelock,  331  [360 

Without  Crank-shaft,  355 
Valve-gears  for  Engines  which  have 
no  Crank-shaft,  §  60;  355-366 
Valve-movement : 

Ball  Four-valve  Gear,  338 

Center  of  Movement,  203 

Diagrams  for,  176-184 

Duplex  Steam-pump,  357 

Effect  of  Reversing  Rocker-arm, 
187 

Effect  of  the  Eccentric-rod,  202 

Engine  with  Separate  Stroke-lines, 
187 

Equalizing  the  Cut-offs,  210 

Exact  Reuleaux  Diagram,  204 

Fleming  Gear,  336 

In  the  Link-motion,  218 


Valve-movement: 
Lost  Motion,  207 
Mcintosh  &  Seymour  Gear,  340- 

346 
Non-central  Stroke-line,  208 
Non-harmonic,  in  Corliss  Gear,  301 . 

307 
Relative,  in  Double-valve  Gears, 
Valve  Proportioning,  267  [260 

Valve-resistance,  390 
Valve-setting,  191,  312,  357 
Van  den  Kerchove  Valves,  350 
Vanes  or  Blades,  588 
Driving-force  on,  542 
Form  and  Speed,  550 
Side-clearance,  576 
Wear  on,  591 
Work  on,  546 
Vane-action, 
Types  of,  542 
Speed-change,  551 
Variable  Steam  Distribution,    548: 

193-202 
Variation  in  the  Running-speed,  550 
Variation  in  the  Steam- volume,  463, 

470 
Variation  of  Efficiency  with  Load, 
Engines,  644 
Turbines,  654 
Various  Cylinder-arrangements,  611 
Various  Forms  of  the  Corliss  Valve, 

313;  of  Valve-gear,  316 
Various   Forms  of   the   Slide-valve, 

§54;  259-288 
Various    Special    Regulators,    §  65: 

421-434 
Vauclain  Compound  Locomotive,  85, 

282 
Velocity-diagrams  for  the  Turbine, 

545,  547,  556 
Velocity  of  the  Jet,  566 
Vertical  Stationary  Engines,  Frames 

for,  65 
Virtual  Eccentric,  251,  256 
Virtual  Velocity,  373 
Volume-diagrams,     Compound     En- 
gines, 463,  470 

Walschaert  Valve  Gear,  241 
Westinghouse  Air-brake  Pump, 

Indicator  Diagrams,  363 

Valve-gear,  360 
Westinghouse  Compound  Engine,  14, 
Westinghouse  Governor,  371  [84 

Westinghouse- Parsons  Turbine,  533 
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Westin^ouse-ParBons  Turbine: 

Beanng,  584 

Blading,  591 

Governor  and  Valve,  693 

Stuffing-box,  586 
Wheelock  Cylinder,  96 

Valve-gear,  331 
Wheels,  see  Fly-wheels,  169 
Width  of  Port-opening,  197 
Willans  Central- valve  Engine,  285 
Work-division  in  the  Compound  En- 
gine, 440,  445,  454 


Work  on  the  Vanes,  546 
Work-relations    in    the    Cbmpound 

Turbine,  666 
Worthington  PumpinMDffine,  40, 42 

Steam  Diagrams,  ^,  484 
Wrist-pin,  The,  141 
Wrist-plate  Effect,  in  Valve-gears, 
Wrist-plate,  Motion  of,  301  [303 

Zeuner  Valve-diagram,  177 
Zoelly  Turbine,  521 
Blading,  687,  689 
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